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EVALUATION

1. The results of this report represent a joint effort sponsored by
the Naval Electronics Systems Command and the Rome Air Development
Center.
2. The objective of this study was to investigate and develop
maintainability prediction and analysis techniques. Such techniques
were to be based on the engineering characteristics of the fault
detection/isolation/test capabilities of the equipment or system and
be applicable to modern state-of-the-art design factors,
3, The maintainability prediction procedure which was developed
satisfactorily achieves the objectives for which 1t was intended, Two
prediction procedures were developed:

a. A detailed procedure that can produce very accurate predictions
that are limited only by the quality of the input data,

b, An early procedure that yields less accurate predictions due
to 1ts use of estimated rather than actual equipment data, Both of the
proceduves can be applied at any equipment or system level.
4, The analysis and modelling methodology developed provides the tools

necessary for assessing and evaluating the maintainability of modern

equipments and systems, including direct accountability of the diagnosis/

isolation/test capabilities, packaging, replaceable 1tem make up and

component failure rates.

Preceding page blank
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5. The prediction and analysis methodologies can be applied at any
level of maintenance, for any maintenance concept and for avionics,
ground electronics, and shipboard electronics.

§. The implementation of the methodologies developad allows the user
to track the overall system maintainability parameters thvoughout the
design and development of a system. Using the techniques and procedures,
the user can evaluate whether or not the maintainability design require-
ments that have been specified will be met before the system 1s fully
developed. If it appears that maintainability requirements will not be
mat, then the designers can be informed. Thus, time and money can be
conserved by carefully tracking the maintainabi1ity parameters through

a system's development.

7. These techniques will be used to update MIL-HDBK-472, "Maintain-
ab111ty Pred1ct10n“. 24 May 66,

.w\ < ._\,‘_\

JERRY F. LIPA, Jr
Project Engineer
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SECTION 0.0 EXECUTIVE SUMMARY

The maintainability of modern slectronic equipments is directly related to
diagnostic/isolation/test capahilities, system packaging, and replaceable item
makeup and failure rates, The maintainability prediction tochniques presently in use
do not allow direot acoountability of these factora, particularly as related to diagnostic/
isolation/test characteriatios, The methodology developed under this study provides
& maintainability analysis approach which can be applied at any hardware level and
which directly relates maintainability parameters (e.g. MTTR) to the noted factors
which influence maintainability,

Selection of the methodology developed under this study was based on a review of
state of the art equipment/system characteristics, current maintainability analysis
techniques, and the requirements of the maintainability community relative to pre-
diction and analysis application. Conclusions drawn from the review indicated that
the developed methodology should:

1. Be based on a time synthesis approach,

2. Be applicable to any and all hardware levels,

3. Be symptom oriented rather than failure oriented, and

4, Be developed for two stagesa of equipment development:

8, When detailed design data ia available, and
b. When preliminary (early) design data is available,

A number of existing prediction techniques are failure oriented; that 1s, an
assessment of repair time is made based on the fact that a certain replaceable item
has failed, Real world maintenance i8 not fallure oriented but rather symptom
oriented; that is, the maintenance which is performed is based on the failure symp-
tom, or on the results obtained from the fault detection/isolation process. This is
the way that the developed prediction procedure is structured. A list is constructed
which identifies all possible failure symptoms or resulta of the fault detection/
isolation process (FD&I outputs). The equipment is analyzed and the raplaceabie
items, or portions thereof, which could fail and result in each of the FD&I outputs
are identified, The failure rate associated with each poasible ocourrence is noted,
A maintenance flow diagram is constructed which defines the maintenance actions
that are performed and decisions made for each FD&I output. Times are synthesized
for each maintenance action and combined by a failure rate weighted technique to
yield mean time to repair estimates, This prediction technique requires detailed
design data and is not applicable duiing early design phasea.

E-1
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A modified version of the detailed procedure was developed for early predictions.
The early prediction technique estimates maintenance times synthesized from the
average times to perform the nine elemental maintenance activities (l.e. preparation,
fault isolation, spare retrieval, disassembly, interchange, reassembly, alignment,
checkout, startup), For each of the nine maintenance elements, a submodel is selected
based on the equipment maintenance characteristica (i,e., fault isclation reaolution,
iterative versus group Replaceable Item (RI) replacement, and distribution of RI groups).
Elemental activity times are synthesized based on the general approach(es) to each
activity, The time for each approach type is estimated and the average time for each
activity estimated using failure rate weighted techniques. The average time for the
nine elemental activities are then combined to estimate MTTR. Diagnostic/isclation/
test capabilities are accounted for in the early prediction technique hy defining the
genaral approaches io fault isolation to be implemented, establishing which approach
will be used for each replaceable item or grouping of replaceable items, estimating
the average resolution provided by each ot the fault isolation types for ench grouping
of replaceahle items, and estimating the time to porform fault isolation for each fault
isolation type.

Within the detalled and early prediction procedures, times for each activity are
computed using time line techniques, Standard times for physical maintenance actions
(e.g., removing a screw, soldering a lead, opening a cabinet door) have been estab-
lished and are tabulated for use in time line anaiyses.

k-2
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TECHNICAL REPORT SUMMARY
INTRODUCTION

This summary presents an overview of the final report prepared for the
Maintainability Prediction and Analysis Study conducted under RADC Contract

'30602-76-C-0242.

SUMMARY

Current maintainability préiilction techniques are relatively ineffective as
predictors for state of the art electronic equipments/systems, This document
summarizes the study conducted to develop a more effective and accurate method
of predicting maintainability parameters.

The basioc objective of the study program was to investigate and develop main-
tainability prediction and analysis techniques applicable to state of the art eleotronic
squipments/systems. The procedures are to be capable of directly relating dingnos-
tie/isolation/test subsystem characteristics and other design characteristics to
equipment and system maintainability., Additionally, the developed techniques are to
be applicable to avionics, ground, and shipboard electronies at the organizational,
Intertnediate, and depot levels of maintenance,

Speocific objectives include:

1. Development of a maintainahbility prediction methodology which allows
direct relationships to be drawn between effectiveness measures of
diagnostic/isolation/test capability and the resulting maintainability of
an equipment or system; Provisions of relating disgnostic/isolation/test
routines (test cirouits, software, failure indicators — automatic, semi-
automatio or manual) to the replaceable items they serve; Provisions
for assessing those replaceable items or portions thereof not capable of
tfault detection/isolation with the diagnostic/isolation/test subsystem,

2. Development of a set of procedures for performing a prediction of mean-
time-to-repair, or maintenance man-hours per maintenance action,
which reflects the equipment/system diagnostic/isolation/test capabil -
ities, packaging, replaceable item make up, failure rates of individual
replaceable items, and fault isolation ambiguity.

3. Development of a set of time standards (appropriate to measures of physical
actiona required to correct an equipment malfunotion) applioable to modern
era designs and packaging concepts; Investigation of time stundard differences
for avionics, ground slectronics and shipboard electronics.

5-1
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4. Development of items 1, 2, and 3 directly and not through the use of
multiple regression or structured checklist techniques,

The approach to satisfying the study objectives was threefold: 1) perform a
literature survey to define and evaluate the existing maintainability prediction
techniques (and maintenance time standards) and their applicability to current
cleotronic equipments/systems, 2) review the characteristios of ourrent equipments/
systems and the prediction needas of the mnintainability community to define the
maintainability parameters to be predicted and the general approach to the pre-
diction methodology, and 3) review the maintenance policies in current use and
develop prediction techniques consistent with the way maintenance is nooomplished.

Selection of the methodology developed under this study was based on a review
of state of the art equipment/aystem charaoteristics, current maintainability
analysis techniques, and the requirements of the maintainability community relative
to prediotion and analysis application,

A number of existing prediction techniques are failurs oriented; that is, an
assessment of repair time is made based on the fact that a certain replaceable
item has failed. Real world maintenanoe is not failure oriented but rather symptorn
oriented; that is, the maintenance which i performed is based on the failure
symptoms, or on the results obtained from the fault detection/isolation process.
This 18 the way that the developed prediction proocedures are structured.

The maintainability prediction methodology is divided into two seperate pro-
ocedures: 1) a detailed procedure for use when detailed design and aupport data is
available, and 2) an early procedure for use when preliminary design data is
available. Both procedures are time synthesis techniques and both use the same
general model for predicting MTTR. When 2 combination of detuiled and prelimin-
ary data is available, the two procedures oan be used together to yield a composite
estimate of MTTR,

For the detailed prediction, a list is constructed which identifies all possible
fatlure symptoms or results of fault detection/isolation procedures (FD&I outputs).
These fallure aymptoms or FD&I outputs inolude all the possible indications that
an operator/techniclan may experience in identifying the fault correction actions to
be performed.

The next step of the procedure i8s to correlate the replaceable items (RI) of the
gystem with the identified failure symptom or FD&I output. This i{s usually accom-
plished with a fallure mode and effeocts analysis (FMEA) or similar analysis. After
the correlation has heen completed a Maintenance Correlation Matrix similar to the

5-2
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one shown in figure 1 is prepared, The matrix provides: 1) the failure rate

(Anj) cf each RI (n) associnted with each failure symptom/FD&I cutput (j), (2) the
repair time (an) for a replacenble item given that a specific FD&I output occurs,
und 3) the replacement order (Kny) of & replaceable item given that a specific
T'D&I output ocours and the maintenance conocept is iterative replacement,

The repair times entered in the Maintenance Correlation Matrix are established
with the aid of a maintenance flow diagram (MFD), The maintenance flow diagram
identifies the step by step procedure that is followed for each FD&I output, Figure 2
is an example of an MFD, The times for each uctivity are synthesized using a time
line analysis in conjunction with the updated set of maintenance time atandards
included in seotion 4 of the report, The times (Rpy) for each failure symptom/FD&I
output are entered in the Maintenance Correlation Matrix of figure 1 next to the
assoociated failure rates,

The average repair time of each RI (Rn) and the MTTR of the equipment/system are
computed as:

J
D, gy

Rn= ) IJ
2 Ny
j=1
N

Y MR

MTTR = M =1

N
S
m=1

In addition to the replaceable item repair times and MTTR, the Maintenance
Corrolation Matrix can also be used to determine fault isolation resolution,
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The early prediction procedure is a modified veraion of the detailed prediction
model. This technique estimates the average time to perform each elemental
maintenance aotivity (i.e., preparation, fault isolation, spare retriev:l, disasaembly,
interchange, reassembly, alignment, checkout and start-up), and combines these
values to determine the MTTR. Fo» each of the nine maintenance activities, a
submodel is selected based on the maintenance characteristios of the system (i.e. ,
fault isolation resolution, iterative versus group RI replacement, and distribution
of RI groups), Times are synthesized for each unique method of performing each
elemental activity, and the average time for each activity is completed by using the
appropriate submodel. A summary of the different applionble submodels appears
in figure 3,

The maat |~ portant step {1 the early prediotion prooedure {s the estimation of
the fault isolation resolution parameter (8) that is used within some of the submodels,
Since detailed information pertaining to the syastem fault isolation capabilities is not
usually available at an early stage, an estimate of the systems capabilities niust be
made, The accuracy at which thia estimate of § is made governs the ucouracy of
the prediotion being made, The early prediotion prooedure basioally computes
MTTR at the level at which T is estimated. Higher level MTTRs can be culoulated
with a failure rate weighted model. Lowsr level MTTRs oan be estimated but are
limited in accuracy to the higher level estimates of B,

In oonclusion, the maintainability prediotion methodology developed achieves the
objeatives for which it was intended. It provides a teohnique for analyzing the main-
tainability of modern equipments/systems inoluding direct acoountability of
diagnostic/imolation/test oapabilities, packaging, replaceable item make up and
fallure ratos, The methodology oan be applied at any maintenance level, for any
maintenance coneept, and for nvionios, ground eleotronics and shipboard electronica.
The detailed procedure oan produce very aocurate predistiona (limited only by the
quality of the Input data) and oan be applied at any hardware level, The early
prediction procedure ylelds less accurate predictions (limited by the quality
and quantity of input data) and again can be applied at any equipment level,

The implementation of the model presented here allows the user to keep track of
the overall system maintainability parameters throughout the design and development
of & system. By using this technique the user omn detect whether or not the maintain-
ability design requiremonts specified will be met before the aystem is complete, If
the maintainability requirements appear that they will not be met, then the designers
can be informed to the necessary changes before it is too late, Thus time and money
can be saved by carefully tracking the maintainability parameters throughout a sys-

tem's development,
$-6b
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SECTION 1.0 INTRODUCTION

This dooument presents the results of a study to develop and document an improved
maintainability prediction and analysis methodology. The study was performed under
Contract F30602-76-C-0242 with Rome Air Development Center. ‘This report is pre-
parel in accordance with CDRL item A002 and data {tem description DI-8-3691A/M,
1.1 PROGRAM OBJECTIVE

The basioc objective of this atudy program was to investigate and develop

maintainability prediction and analysis techniquea applicable to stote of the art elec-
tronic equipments/systems. The procedures are to be capable of directly relating
diagnostio/isolation/test subsystem characteristics and other design characturistics
to equipment and system maintainubility parameters, Addltionally, the developed
teohniques are to be applioable to ground, shipboard and avionlcs olectronics at the
organizational, Intermediate, and depot levels of malntenunce. Specifio objeutives
include:

1. Development of a maintainability prediction methodology which altowa direct
relationships to be drawn between effectiveness measures of diagnostic/
isolation/test capability and the resulting maintainability of an equipment or
system; provisions for relating diagnostic/isolation/teat routines (ost
oirouits, software, failure indicators - automatio, semiautomatic or manual)
to the replaceable itemsa they merve; provisions for assessing those replace-
able items or portions thereof not capable of fault detection/isolation with
the diagnostio/isolation/test sibsystem,

2. Development of a set of procedures for performing a prediction of mean-
time-to-repair, or maintenance manhours per maintenance action, which
characterizes the equipment/system diagnostio/isolation/test capabilities,
packaémg. replaceable item makeup, failure rates of individual replaceable
items, and fault isolation ambiguity.

3. Development of a set of time standards (appropriate to measures of physical
aotions required to correct an equipment malfunction) applicable to current
designs and packaging concepts; {nvestigation of time standard differcnces
for avionlos, ground electronias and shipboard electronics,

4, Development of items 1, 2 or 3 directly and not through the use of multiple
regreasion or struoctured checklist techniques.

7
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1.2 APPROACH
The appronch to satisfying the study objective was threefold: 1) perform a
literature murvey to define and evaluate the existing maintainability prediotion tech-
niques (and mainteénance time standards) and their applicability to current electronic
equipments/systems, 2) review the characteristios of current equipments/systemsa
and the prediction needs of the maintainability community to define the maintainability
paramaters to be predicted and the general approach to the prediction methodology,
and 3) review the maintenance polioisn in current use and develop prediotion techniques
ounaistent with the way maintenance 18 accomplished,
1.3 ORGANIZATION OF REPORT
'This document is divided into aix major sections plus appendices, A review of
oxisting techniques, selection of the predicted parameters und general prediotion
approach, and development of the models for the detailed prediction and early predis~
tion methodologies is presented in Section 2. Seotion 3 desoribes the equipment/
system data oolleotion effort including data on physical attributes, fault isolation ohar-
acteristios, maintainabllity parameters, and maintenance philosophles, Seotion 4
describos the development of the maintenance time standards and provides a composite
list of standards. Beoctlon 5 provides step by atep procedures for both the detalled pre-
diction and early prediction techniques. Conolusions and recommendations are prosented
In Section 8. Supporting data and analyses are provided in the attached appendices,
Including the derivation of Mmax ($) for a lognormal distribution (Appendix B),
tables for estimating Myax (®) for lognormal repair distribution (Appendix C), a
sample predictlon using the detalled procedure (Appendix F), and two anmple pre-

dlotions using the early procedure (Appendix G).
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SECTION 2.0 MODEL DEVELOPMENT

This section presents the developed maintainability prediction methodology. A
survey of the ourrent maintainability prediction techniques was conduoted and a sum-
mary of their characteristics and shortcomings prepared. Based on the survey
results, and driven by the needs of today's maintainability community, 4 time syn-
thesis approach to predioting mean time to repalr (MTTR) was selected.

Recognizing the various stages of design and development to which a maintain-
ubility prediction methodology must be applied, two basic models were developed
(1. e. detalled and early), The detailed model provides the capability for an in-depth
prediotion when the squipment being predioted is in the finnl development stage and
detailed data is available on fault deteotion and isolation capability, packaging, and
maintenance policy. The early model provides a technique for predicting maintain-
ability charaoteristics during early and intermediate design stages when prediotion
data { preliminary and/or Incomplete,

The detalled prediotlon procedure oan produce very acourate predioctions for uny
malntenance concept at any hardware level, The early predlotion procedure produces
loas acourate prediotions (limited by the quality and quantity of input data), for any
oquipment level, within the conflnes of seven defined maintenance concepts.




2.1 BACKGROUND

During the past decade a steadily declining offeotiveness of the available standard
maintainability prediction methodologies has been recognized., As a prelude to
selecting/doveloping a state-of-the~art maintainability prediotion and analysis method-
ology, n survey of existing techniqques was conducted. Each method was reviewed to
define the basic prediction hypothesis, data base, detailed procedure, and short comings,
Table 1 presents a summary of the more prominent methods reviewed, inoluding the
oxisting military standarda,

The prediction methods which were reviewed can be generally segregated into
time synthesis models and correlation models. Time synthesis models are those in
which: (1) the maintenance activity is broken down into elemental maintenanoce
tasks, (2) each elementnl task ia assigned a fixed time or time function, and (8) the
elemental task time elements are combined or aynthesized to form an overall
maintainability parameter such as mean time to repair (MTTR). Correlation methods
are those in whioh a checklist or other vehiole is used to score maintenance related

attributes of  systom aud the soore(s) of the checklst(s) ure inserted into a4 regres-
slon oquation to yleld the estimated maintainability parameter. The ARINC Fault/
Symptom Model (RADC~-TR-70-89) is a combined time synthesis and coxrrelation
methodology; fault isolation and checkout attributes are evaluated by checklists and
regression equations, and physical elements of access and interchange are evaluated
by combining elemental task times,

All of the methods reviewed have substantial drawbacks with reapect to ade=
quately evaluating complex modern systems. Principally lacking {8 & meaningful
correlation between quantitative maintainability parameters such as MTTR and system
fault detection/laclation/test (FDIT) features such as computer controlled diagnostios,
and buflt-in test capabilities. Also lacking 18 a sensitivity to state-of-the-art pack-
uging and conatruction techniques, and to the system maintenance concept or detailed
maintenance plan.

MIL-HDBK-472, Procedure 1 and Prooedure 2A have provided useful estimators
in the past but the data base on which these procedures were developed i® no longer
representative of modern systems and techniques, MIL~HDBK-472, Procedures 2B
and 4, and the Dunlop and Associates Distribution Model present viable general
approaches but the inputs are dependent on ""expert judgment" time estimates. There
are no prooedures for relating the capabilities of the FDIT features to expert

10
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judgment estimates. ‘There are also no estimators ‘or physioal tasks consistent with
modern packaging and construction techniques, MII-HDBK-472, Procedure 3 is a
correlation type model in which three (3) checklists are scored. The checklists are

based on non-ourrent design techniques and very insensitive to modern FDIT features.

The ARINC Fault/Symptom Model appears to be & good start on a new prediotive
technique but it still has some basioc problems. Some of theae problems, such as no
lower indenture capability, and a combined estimator of fault isolation and checkout
times are desoribed in RADC-TR~74=112. Additional problems inolude: (1) the basic
fotlure of checklist type approaches to cover all FDIT capabilities and combinations
thereof, (2) the fallure to cover all maintenance conocept alternatives such as group
Replaceable item (RI) replacement, iterative RI replacement, and replacement
hased on highest failure probability, and (3) the lack of time standards which
cover modern packaging techniques,

13
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2,2 MODEL SELECTION

The previous section defines the more widely known of the maintainability pre-
dictlon models and the shortcomings of each., A review of the models indicates the
most powerful of the models in terms of flexibility, applicability and acouracy are the
time synthesis versions. Therefore, the time synthesis approach is the basis for the
methodology presented herein,

The time synthesis approach implies that the maintenance time estimate for a
given maintenunce action is found by simple addition of the time (or estimate of the
average there of) that it takes to pexrform each maintenance slement (e, g., prepara=
tion, fault isolation, etc. = Refer to section 2.3,2,3). Likewise, the individual
maintenance element time estimates are found by simple addition of the time required
to perform each subtask of the maintenance element. If more refinement is desired,
subtasks could be broken down into sub-subtasks, ete. This process soon reaches a
point of ddlminishing returns, however, and as a rule of thumb, muintenance actions
ghould not be broken down into lower than .1 minute segments. The only recom~
mended exceptlon to this is the use of stundard maintenance times (1.e., the times
provided in section 4,5.5), For purposes of this procedure, its models, and the
application examples shown in this document, maintenance nctions only at the sub-
task and higher levels are addressed, Subtasks are defined as discrote physical
actions such as loading o diagnostic program, removing & slotted head sorew, or
examining & waveform on an oscilloscope.

Time estimates for subtasks, maintenance elements, and complete malntenance
actions are the fundamental portion nf a time synthesis prediction and there is little
difference in the way in which tline estimates are computed for this procedure from
previous procedures, The koy, however, in performing an acourate maintainability pre-
dioti« n of a glven equipment is the definition of the full spectrum of probuble mainte-
nance actions and the frequency of occurrence of each of those actions,

Moat previous time synthesis prediction techniques have concentrated on the
gupporition that: glven a certain item has failed, what is the time required to effect
rapair by replacement of that item., The basic pitfall in this approach is that most
replacenble items exhibit more then one failure mode and/or nssociated failure effect.

Depending on the particular failure mode, the corrective maintenance time can be sig-
nificantly different due to the methoology required for fault isolation, or due to the
resolution/ambiguity of the fault isolation procedure for difforent failure symptoms,

14




Fault isolation has notoriously been the biggest unknown in corrective mainten-

ance time estimation,

It typically exhibits the largest variance of the maintenanco

elements, and is the predicted slement that typically shows the lowest correlation

with field experienco,

The lack of sucoess in predicting fault isolation times is due

to the insuffioient handling of failure modes, aa described above, and to the differ-
onces in the way different technioians approach the same failure condition,

With an appreciation of the problems associated with previous prediction proce=-

dures, the appruach to developing & procedure which accurately predicts maintain-

ability becomes straight forward, To acourately predict maintainability, the predic-

tion methodology must account for the way maintenance is actually performed,
Primarily this ground rule implies:

1)

2)

3)

4)

Within the ground rules stated above, the prediction modsl developed herein will

Fault isolation time estimation must be based on the way in which the failure

manifests itself in terms of external failure effects and the results of the
fault isolation procedure(s) as available to the maintenance technician.
Variability due to different failure modes and effects of each replaceable
Thease variations are prinoipally in the areas
of fault isolation time and fault correotion time,

Ambiguity must be accounted for,
in section 2,2, 1,2 including consideration of secondary maintenance which
must be performed when the primary fault correotion procedure does not

item must be accounted for.

correct the problem.

This includes all ambiguity as disocussed

The prediction methodology should not be suaceptible to technician varisnce
(other than perhaps skill level), 1. e., the prediction must be based on an
established procedure for each corrective maintenance action,

allow systematio estimation of fault isolation times through the following procedure;
Identify replaceable items (RIs) - refer to definition in section 2.2, 1.1.
Identify the fault detection and isolation outputs, These are the results of
the BIT/Diagnostic capabilitios of the system or the outputs from manual/
semi-automatic testing by the maintenance personnel.

Relate the fault detection and {solation outputs to the RIs or portions
thereof which are associated with each output.

Develop a maintenance flow diagram (step-by-step man/machine process in
fault isolation) and a time line analysis for each RI/fault 1solation output

1'
2

3

4,

combination,
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5., Assign times to each subtask in the time lines and compute the elapsed time
for each unique fault isolation process.
6. Enter the fault isolation times into the appropriate maintainability prediction

model,

A somewhat similar approach to this technique was proposed in RADC-TR=70~89,
The shortcoming of this approach was in the use of regression equations to assess
time for LRU/fault symptom relationship. The proposed mathodology presented
herein expands this basic approach by defining all replaceabls item/tault imolation
result relationships, and by establishing a maintenance time estimate for each
combination based on a well defined act of fault correction procedures,

2.2,1 Definitions

Among the different servioes, and different organizations within each service,
different terms are used to mean the same thing and/or the same term is used to
mean different things, For example a replaceable circuit card can be oalled an LRU,
SRU, SRA, LRI, WRA, etc, deponding on the organization involved, To ensure a
common understanding of the presented methodology, a set of definitions has been
developed to define the most common ambiguous terms.
2.2.1,1 Replaceable Items

One of the problems with some previous maintainability prediction techniques
(particularly regreussion oxr cheok list type) is their limitation in being applied to
different levels of maintenance (o.g., organizational, intermediate, depot). These
different levels normally address different types of maintenance actions such as unit
replacement, module replacement and piece part replacement,

A signifioant advantage to this present procedure is its universal applicability
to any level or type of maintenance, The problem associated with this expanded
capablility iR that the typical definitions of LRU, SRU, WRU, etc., do not con~
sistently apply., To reasolve this problem the prediction procedure is presented
in generic terms of replaceable items as defined below,

REPLACEABLE ITEM (RI) = THOSE PHYSICAL ENTITIES NORMALLY

REMOVED AND REPLACED TO EFFECT REPAIR
AT THE MAINTENANCE LEVEL FOR WHICH THE
PREDICTION IS BEING MADE (LRU, PRU, SRU,
WFA, PART, ETC.).

16
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2.2.1.2 Ambiguity
Ambiguity is a term which has been used interchangeability to mean several things,

For purposes of this procedure, three types of ambiguity huve been defined and will bo
referenced in succeeding aections of this document as ambiguity Type 1, Type 2

and Type 3, These thres types are defined as;
1) Fault isolation to a group of RIs
2) Fault isolation results indicate a partioular HI or RI group and fault is

actually in another RI
3) Fault iz indicated when there is no fault (l.e., false alurm)

2.2,1.,3 False Alarm Rate (FAR)
Thie is another term which has been used interchangeably to denote several

different things, For purposes of this procedure FAR will bo limited to the following

definitions;
1) Ambiguity Type No. 3 - Fault is indicated when there is no hard fault

2) Faultis detected and ocan not be repeated nr, fault iv detected in one environ-
ment or under one set of operating conditions and cannot he duplicated under

maintenance conditions (e.g., Alrborne radar fault detacted in flight but
cannot be duplicated on the flight line).

17
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2.3 DETAILED PREDICTION MODEL DEVELOPMENT
2.3.1 Maintainability Parameter Selection

The maintainability parameter most often specified in DOD contract require-
ments i8 Mean Time To Repair (MTTR). Equivalent parameters are Mean Repair
Time (MRT) and Mean Corrective Maintenance Time (Mot). MTTR has been the primary
measure of maintainability for the past two decades and has no apparent successor in
the foreseeable future. MTTR is also the parameter which most previous prediction
methodologies have addressed (In one form or anothex), and is the parameter most
enslly definable and understandable to non-maintainability oriented parsonnel. For
these reasons, MTTR has heen selected as the primary maintainability parameter to
be predioted with the methodology presented herein,

Aslde fromn MT'T'H, various other maintainability and maintalnability related
parameters have been defined and evaluated, Among these are Median Time to Repalr,
Maximum Tlme to Repair (at various percentiles), Mean Preventive Malntenance Time,
Maintalnabillty Index, Maintenance Man-hours per Operating Hour, False Alarm Rate,
and Fault [solation Resolution. The parameters which are speocifically addressed in
this document are:

MTTR =~ Mean Time to Repair

Mmu(°) - Maximum Corrective Maintenanoe Time ut the ¢ Peroentile
L - Fauilt [solation Reaolution to & single RI
In - Fault Isolation Resolution to < N Ris

MMH/MA ~ Mean Maintenance Man-hours per Maintenance Action
(including false alaxrm)

MMH/OH - Mean Muintenance Man~hours per Operating Hour

MTTR with Periodic Adjustments

Additional parameters, or variations of the above parameters, can be predicted
with minor modifications to the presemted procedure.

18
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2.3.2 Prediction of MTTR
2.3.2.1 Definition of MTTR
As noted in section 2. 3.1, the primary maintainability parameter to be predicted
with the methodology presented herein is MTTR. The definition of M'I'TR per
MIL~STD-721B is:
"The total corrective maintenance time divided by the total mumber of
ocorrective maintenanoe actions during a given period of time"

This definition is easily applied to operational maintenance data or formal
maintainability demonstration tests, however, it 1 not as easily applied to pre-
dictions. A prediction cannot oonfidently account for times associated with opera-
tional or logistic constraints, nor can it accurately acoount for non predictable
fuilure ooocurrences such as intermittent failures or induced fallures, Additionally
it cannot account for maintenance oocurring during a set period of time sinoe the
repairs ocourring during that time oantiot be acourately predioted. For purposes of
the prediction methodeclogy presented herein, the following definition of MTTR la
provided:

MTTR THE MEAN VALUE OF THE PROBABILITY DISTRIBUTION OF
TIMES TO COMPLETE ACTIVE CORRECTIVE MAINTENANCE
OVER ALL PREDICTABLE UNSCHEDULED MAINTENANCE
ACTIONS WEIGHTED BY THE RELATIVE FREQUENCIES OF
OCCURRENCE OF THESE ACTIONS,
2,3.2,2 MTTR Prediction Ground Rules
The ground rules associated with a specific prediction will depend on the opera-
tlonal requirements and customer apecified requirements for 1 particular equipment
application, For example, one ocontract may require that spare retrieval time be
included in the prediction whereas another contract would not, or, one coutract
might require that a system be reinitinlized and returned to an operating state
before repuir is considered complete, whereas another contract might consider
repair completion concurrent with completion of repair verification (i.e. checkout),
In general the following ground rules will apply to all predictions:
o Failures ocour at the predicted failure rate
¢ Hard failures only
o Single fallures only
.

Randomly ocourring failures only
19




e Maintenance is performed in accordance with established maintenance

procedures (i.e., dooumentation, tools, test equipment)

e Maintenance is performed by techniciana with appropriate skille and

training

o Active maintenance time only - excludes administrative and logistic delays,

fault detection, cleanup
2.3.2,3 MTTR Elements

The methodology presented herein is a typioal time synthesis technique. The
times assooiated with each portion of & maintenance aotion are summed together to
yleld the total maintenanocs time for that action. It should be noted that for each
individual maintenance notion, the predioted/estimated maintenance time in the
expected average time to complete that maintenance action. For all but the most
basio or automated maintenance tasks (. g., load time for a fixed length computer
oontrolled diagnostic program), there in some variability to maintenance time. In
the presented methodology variability 1s addrossed only for predicting maximum
corrective maintenance time as presented in section 2. 8.

Previous time synthesis prediction techniques have broken down MTTR into
various maintenance elements us shown in Table 2. The time slements are
basioally the samo for all techniques. Minor differences occur in the nomenclature
of the various slements and in the quantity of elements which are included. For
example, all the breakdowns inolude mome form of fault location/isolation time,
while only 3 includo preparation time, and only one inoludes clean up time. For al)
of the techniques shown, the repair time is the algebraic sum of the times assoocinted
with the elements. Elements such as preparation time, excluded in some techniques,
oan be inoluded simply by adding the associated time to the previously computed -
repair time.

Two advantages of the pressnted methodology, over other time synthesis
techniquen, are its flexibility and its capability of treating ambiguous maintenance
actions. MTTR predictions using this procedure can include any or all of the
elements addressed in other techniquea. They normally address the broad
categories shown in Table 3. A definition of each of the maintenance elements {8 pro-
vided {n Table 4. The methods applicable to estimating each of the maintenance
element times are presented in Table 5.
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TABLE 4. DEFINITION OF MAINTENANCE TASK TIMES

Definition

Time asscolated with those tusks required
to he performed before fault isolation can
be executed, Examples: Obtain, set-up und
warm up test equipment; Apply power und
oooling to system, warm up and stabilize;
Input system initialization parameters.

Time nssociated with those tasks required to
isolate the fault to the level nt which fuuit
Examples: Load, run,
and interpret results of n dingnostic program;
Examine fuult isolation symptoms, locate
symptoma in maintenance manwal, follow
manual procedures to point where replaceable
item or g.oup of replaceable items in

Time aamoointed with obtaining n spure
replaceable item or group of replaceable
items from the designated spares aurea,

Time axsooiated with gaining access to the
replaveable 1.em(s) dentified during the

fault isolation process. Examples Opemng
cabinet doors, pulling out equipment drawers,
removing CCA retiaining bars; Technician
transit time (o a remote equipment.

Time associated with the removal and
replacement of o faulty replaceable item
or suspected faulty items. Examples:
Removing sorews, connectors, solder
jolnts; Extracting and inserting the
replaceable 1item; Application of vonformal
ooating, heat tranafer puste.

" Malintennnce
' Element Time Abbreviation*
Preparation 'rP
nj
Fault Isolation 'rFI
\]
, correction begins.
|
|
! identified.
|
' Fault Correction
‘ e Spare Retrieval TSR
. nj
o Disassembly TD
n
e Interchange TI
i nj
¢ Reamsembly T

Time ngsoolated with closing up the equip-
ment after interohange is performed, 1.0.,
the opposite process of disussembly.

. *Abbreviations used in the predistion math models; Time to perforn{ the m‘h gle-
mental task (P, FI, SR, D, I, R, A, C, 8T) for the nth RI given the jth fault

{solation result.
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TABLE 4, DEFINITION OF MAINTENANCE TASK TIMES (Continued)

Maintenance Time | Abbreviation* Definition
e Alignment T A Time associated with aligning or calibrating
nJ the system or RI after a fault has been
correoted,
e Checkout Tq Time assoolated with the verifioation that
n a fault has been correoted and the system
is operational.
Start-up TST Time assoolated bringing a system up to
nj the operational state it was in prior to
fatlure, once a fault has been corrected
and verified.

*Abbreviation used in the prediction math models.
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TABLE 6, CORRECTIVE MAINTENANCE TIME ELEMENTS AND

METHQDS OF ESTIMATION

Time Fixed Field Englnec:ﬂng
Standards Time Histoxy Judgerment
PREPARATION - Tp X X X
nj
FAULT ISOLATION =~ TFI X X X
)
SPARE RETRIEVAL - T X X
SR
n
DISABSEMBLY - ’I‘D X X
n}
INTERCHANGE - 'I‘I X X
nj
REASSEMBLY - T X X
an
ALIGNMENT - T A X X X
n
CHECKOUT - Tc X X X
nj
START UP ~ TST X X X
nj
vl
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2.3.2.4 Generalized Model
The generalized equation for computing MTTR ia

N
Y Mty
MTTR = e
5
n
n=1
where:
N = Number of replaceable items (RI)
A\, = Failure rate of the nth RI excluding any undetected failure rate
Rn = Mean repair time of the nth RI as computed below
J
L:l My Roj
Rn S S
: A
=
where: .
J = Number of unique fault isolation results {refer to section 5. 1.3)

Failure rate of those parts of the nth RI which would cause the nth RI
to be culled out in the jth fault isolation result (note that this can bae

)‘nj

2810)

an = Average repalr time of the nth RI when called out in the jth fault

isolation result as computed below:

M
R, = 3 Ty
n "L Ty
where:
M _, = Number of steps to perform corrective maintenance when a failure

occurs in the nth RI and results in the jth fault isolation results.
Includes all maintenance elements - preparation, isolation, spare

retrievaly et al. 7This may include operatlons on other Rls called

out {n the jth fault isclatfon result.
= Average tlme (v perforn: the mth corrective maintenance step for

'r'n“j
the nth RI glven the jth fault ipolation result.
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2.3.2.5 Special Cases

This section defines mathematical models for computing MT'TR under certain
special cases of maintenance concepts. The special models are interesting in that
they clearly show how the MTTR is affeoted by differing maintenance philosophies.
However, their utility is somewhat Umited, There are very few equipments or
systems which encompass one and only one special case described. In general,
maintenance will include several types of maintenance actions. Hence the gen-
eralized models in conjunction with the prooedure of Section 5.1 must be applied.

(1) Nonambiguous: Maintenance i8 accomplished by performing fault

isolation to a single RI and replacing that RI. (Refer to Figure 1.)

R -TP +T

+T + +T +
oy " TFIny *TsRny Y TDgy * Ty TR

nj

nj

+ 7T + T +T
Anj CHJ sTnj

(2) Ambiguity (Type 1) - Group Replacement:
Maintenance is accomplished by performing fault isolation to & group of
Ris and replacing all the Rls in the group.

(a) Generalized (N; = RI group size) - Refer to Figure 2.

N
R, =T T T {
g = Tey t TRyt TeRy 4y (Tnm‘“rnm)s

3
+ (TIN + TAnj,n + 100&1 + T

e STy

whoere Nj = number of RIs that must be replaced as a result of the

jth fault isolation result

number of disassembly/reassembly actions required for the
Jth fault isolation result

Nj. if separate disassembly and reassembly required for
each interchange

(b) Reduced (S8ingle access & spare retrieval) - Refor to Figure 8.

Ny

L]

R, =T +T +T + T
n§ Pnj F[nj SRy Dpj
Ny
+ (T +T y + T +T +T
=1 Il‘lj Aﬂj B an an STnj
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Figure 2. Group Replacement (Generalized)
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Ambigulty (Type-1) - Iterative Replacement:

Malntenance is accomplished by performing fault tsolation to a group
of Ris and then replacing the suspect RIs one at a time until the fault
has been corrected. (Refer to Figure 4)

K

)
R, =T, +T. + T, +T. +T, +T
o = e e :4::1 ( sry, "o, " Try TRy

+T +T + T
Anj an>k STnj

where:
Knj = replacement order of nth RI given the jth FI result.

T and T included as many times as roquired.
Dy "By

£€-885249
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2. 1-FARLY PREDICTION MODEL DEVELOPMENT

The maintainability prediction methodology presented in scction 2, 3 can not be
easlly implemented during the curly stages of n program, ‘T'he major reason for this
limitation is the requirement of detailed information about the fault isolation charac--
teristics, The early prediction model presented herein requires less detuiled fault
isolation data and therefore is capable of implomentation during the carly stages of n
program,

Two appronches were tuken to develop an enrly prediction model, The first
approuch was to dovelap prediction models using correlation equations generated from
rogrossion analyses of the physical, fault irolation, and maintainability characteristios
of existing systems, The second approach was to simplify the detailed model into o
reneral form where less information would be required to implement it.

The findings and results of these two approuches are presented in the following
Heotions,

2.4.1 Correlation Analysis Approach

'The objective of this analysis was to derive nn equation or set of equations which
define the correlation between design characteristios and inherent maintainability
purameters. The approach followed was tor 1) define the prediction pnrameters to be
predicted, 2) dofine tho design characterlatios believed to o reluled to cach of the
malintainability pnrameters, 3) colleot data on tho defined design characteristics and
maintainability parameters from existing systems, and 4) perform a stepwise regres-
slon analysis to gensralo and evaluate the regreasion equations.
2.4.1.1 Selection of Maintiunability Parameters

In consonance with establishing MTTR as the primary maintainability parameter
to be predicted with the detulled procedure, MTTR was also seleoted as the primary
parameter for the regression analysis. Additionally, within MTTR, it was felt thut
n further distinction between various aspects of MTTR might produce more meaning-
ful correlations, As a stnrting point, three equations defining MTTR were
hypothesized:

1) MTTR - KA MT’I‘RA + Ks MT'I’Rs + (1-KA- g) M'I‘TRM

2) MTTR PD M’I"l‘RD + PA MTTR + P M'l"I‘I?.ps + Pm,. M’I"I‘R.RF

ANA P8
+ pPPMTTRPP + PCMTTRC
3y MTTR = MTTRISO 8 MTTRRR + MTTRCo
31
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where:
.

Ka "

MTTR,
MTTRg
MTTRy

MTTRp =
MTTRANA"
MTTRpg ®
MTTRRy =
MTTRpp =
MTTRc =
MTTRigo =
MTTRugy =
MTTRCO =
MTTR =

percent automatic fault isolation

percent semi~automatio fault isolation

MTTR asnociated with automatic fault isolation
MTTR assoclated with semi-gutomatic fault isolation
MTTR assoclated with manual fault laolation
Percentage of equipment which is digital
Percentuge of equipment which is analog
Percentage of equipment which i8 power supplies
Percentage of squipment which is RF

Percentage of equipment which is pleceparts
Percentage of equipment which in chassis associated
components

MTTR of digital portion of equipment

MTTR of analog portion of equipment

MTTR of power supply portion of equipment
MTTR of RF portion of equipment

MTTR of pleceparts portion of equipment

MTTR of equipment chassls

average fault isolation time

average fault correction time

average checkout time

mesan time to repair

It was proposed that regression equations be established for the above param-
eters, values be determined for the equipment being predicted, and the values
entored into one of the three hypothesized equations to yield MTTR. KException to

this would be values for MTTRs, MTTRg and MTTRy; which would be derived by

time synthesis methods,
2.4,1.2 Selection of Design Characteristics

In establishing the regresajon equation for the maintainability parameters defined

in the preceding mection, the following linear model was selected

Y = BO+B1x1+Bzx2| . .Bpxp

wheret

Y = the dependent variable being predicted (e.g., Ko, Kgs MTTRy)

32




P

Xp The Pth predicting parameter (independetit variable)

Bp the coefficlents computed by the regression program for the pth parameter

The dependent variables, or design characteristics to be correlated with the maln-
talnability parameters were selected based on thelr expeoted influence on equipment
maintainability, The selected design oharacteristios are defined in Table 6, The
selected design characteristios were compared against the list of dependent variables
to determtne which characteristics should be correlated with each parameter. The
resulting relationship matrix is shown in Table 7.
2.4.1.3 Data Collection

The data collected on each of the dependent and {ndepsndent variables which was
used to conduct the regreasion analysis and establish the regression equations is
provided in seotion 3. Also included (n eection 3 is u more detailed definition of each
of the dependent and independent variables evaluated.

In the process of data oollection it was found that data could not be segregated for
the variables M’I"I‘RD, MTTR ANA? MT'ers. MT’I‘RRF, MTTRPP or MT'I‘RC. There-
fore, the second hypothesized squation

(MTTR = P, MTTR,, + P A MTTR ANA ¥ PPS MTTRpg + pRF MTTRRF

+ Ppp M'I‘T?R:Pp + PC MTTRC)

it

oould not be evaluated and was dropped from the analysis.
2.4.1.4 Regression Analysfs
2.4.1.4.1 Rogression Analysis Prograra

The regression analysis was performed using the computerized stepwise regression
analysis program (SRAP) contained in the UCLA Blomedical Computer Program library.
This program takes B multiple number of independent variables and one dependent
variable and computes a series of multiple linear regression equations. The first
regression equation contains the one independent variable that has the highest correla-
tion with the dependent variable. At each step an additional independent variable is
inserted and a new multiple linear regression equation is computed. The variable
added is the one which makes the greatest reduction tn the srror sun of squares.
Variables oan also be removed after they have been inserted, if thelr F values fall
below a tolerance value set by the user. The result of the stepwise regression analysis
program Is u multiple linear regression aquatfon that estimates the dependent variable
using those {ndependent variable(s) that have the highest combined multiple correlation.
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TABLE 8. DEFINITION OF VARIABLES

V}:‘R Variables Definition
1 RIQ quantity of replaceable Rls
2 MRIQ quantity of replaceable modular (plug-in) Rls
3 ACT quantity of active components
4 PAB quantity of passive components
5 FR failure rate (failures per 106 hours)
, 8 180 predicoted fault isolation time
: 7 RR predicted removal/replacement time
. B (o]0] predioted checkout time
| 8 MTTR predicted MTTR
10 DISO demonstrated fault isolation time
11 DRR demonstrated removal/replacement time
12 DCO demonstrated checkout time
[ 13 DMTTR demonstrated MTTR
! 14 QFIR quantity of unique fault isolation results
‘, 18 KA traction of faults isolated automatically
| 18 TYPA type of automatio fault isolation
. 17 K8 fraction of faults isolated semi-automatically
' 18 TYPS type of semi-automatio fault laolation
i 19 KM fraction of faults lwolated manually
' 20 DIAG size of the computer diagnostio program
| 21 RES1 fraction resolution to one RI
| 22 RES3 gr;c!:lon resolution to less than or equal to
! 23 MAXRI maximum number of Ris In & FI group
24 AVG average FI group size
. 26 ANA fraction of analog parts
! 26 DIG fraction of digital parts
27 RF fraction of RF parts
l 28 Ps fraction of power supply parts
29 PP fraction pleceparts
30 CHASS fraction chassls parts
a1 ALl fraction of Ris that require alignment
32 PLG fraction of plug~in Ria
| Notes: 1) All fractions are based on
failure rates
2) All times are in minutes
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AND EQUIPMENT CHARACTERISTICS (INDEPENDENT VARIABLES)

TABLE 7. ASSUMED RELATIONSHIPS BETWEEN MAINTAINABILITY PARAMETERS (DEPERDENT VARIABLES)
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2,4.1.4.2 Regression Analysis Procedure and Results

The first approach to running the regression program wus to segregate the data
by equipment type und oreate unique regression equations for each type, The original
concept concelved types to be easily defined by equipment function (. e., computer,
transmitter, receiver, signal processor, display, etec.), however, it was soon
recognized that function did not uniquely identity types. Types had to be further
categorized by oirouit type (analog, digital, RF, etc.), oircuit implementation type
(tube, transistor, microelectronios, eto.), fault isolation implementation type (BIT,
BITE, Diagnostios, Manusl), fault isclation use type (automatic, semi-automatio,
manual), voltage/power levels, etc, To acourately and uniquely define types, almost
each plece of data collected would be a separate data set and insufficient data would
be available to conduct the regression analyses,

In the finul analysis all the duta collected was combined into one data set. This
was considered a reasonable approach since 1) the independent variables do in fact
characterize the equipment by type, and 2) ideslly, a single model to predict main-
tainability parameters for all equipment types is desired,

At first each dependent variable was run individually agairst the corresponding
fndepandent variables identified in Table 7. This was done to see if any single
predictor onuld produce a good prediction model, Table 8 shows the best predictors
found for each dependent variable regressed upon,

TABLE 8. PRELIMINAR Y OCORRELATION RESULTS BASED ON A
SINGLE INDEPENDENT VARIABLE

Best Independent.

Dependent Variable Variable Predictor Correlation Coefficient
Ka PAS +0, 382
Kg PP -0, 487
KM FP +0. 6530
MTTRgg (P) KA -0, 480
MTTRRR (P) ANA -0, 210
MTTRc. ¢y (P) KA -0. 637
MTTR (P) KA -0, 388
MTTRg0 (D) KS +0, 670
MTTRRR ©) RES 1 10, 248
MTTRq(, (D) DISO +0. 687
MTTR (D) K8 +0, 437

P = predioted; D = demonastrated
36
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A8 expected the results were negative. In some cases the correlation was good
(»0, B}, but the predicted values versus the actual values were very arratic.

Next the SRAP program was implemented using the maximum number of independ-
ent variables available for ench dependent variable, The results are summarized in
‘I'nble 9,

In an attempt to incre ize the multiple correlution some new independent variables
were created. They were:

o PARTS ~ total number of parts (equal to ACT + PAR)
DRES - fraction of resolution <3 RIs, but >1 RI (equal to RESS - RES1)
'TANAL - fraction of failure rate of all unalog type RIs (squal to ANA + PB+RF)
QFIR/RIQ - quantity of fault ieolation results per RI (equal to QFIR/RIQ)

QFIR/MRIQ - quantity of fault isolation results per modular RI (equal to
QFIR/MRIQ)

e NMRIQ ~ quantity of non=modular RIs (equal to RIG-MRIQ)
The SRAP program was rerun using the new independent variables. The results
showed only a slight improvement in the multiple correlation,
) ] At this point the following changes were implemented,
\ ' 1, The data containing 1's and 0's for KA and KM was removed since
realistically it is imposwsible to have 100% for KA, or 0% for KM,

TABLE 9. FIRST MULTIPLE CORRELATION RESULTS

®
L]
|
[ ]
L J

Qty of Qty of |
Sample Ve Ive Multiple .
LoDV B b | Uwd R ;
Ka 80 12 1 0. 568 |
{ Kg 80 12 12 0. B84
. Ky 80 11 11 0. 669 |
o ) MTTRg, (P) 80 19 18 0, 666 :
| . MTTRpp (P) 80 11 10 0, 470 ' 1
: - : MTTRyq (P) 80 17 16 0, 763 |
‘ i ‘ MTTR (P) 80 20 19 0, 602 |
o ' MTTRgg (D) 52 19 18 0. 840 .
‘ , MTTRRR @) 52 11 10 0, 490 o ‘
1 _ MTTRgg @) 52 17 17 0, 918 ‘. V |
MTTR (D) 82 20 20 0, 818 o

P = predioted; D = demonstrated |
' ; DV = Dependent Variable :
: IV = Independent Variable ‘
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2. KS was removed as a possible independent variable. Semi-automatloc
isolation is a non definitive entity which Indloates a capability somewhere
between automatic and manual isolation. As more positive indicators, K A
and Ky were used. The analysie was not weakened by this change since
K8 =1« KA - KM,

3. MTTRRR was Yemoved as a possible dependent variable, ‘The regression
analysis indicated very low correlation with all independent variables,
Instead MTTRRR will be time synthesized.

4. Predicted repair times (MTTRg ™), MTTRgy (P)y MTTR, (P)) were
exoluded as possible dependent variables, The predicted values were based
on old prediction methodologles and the validity of the data wans therefore
questionable,

8+ The failure rate for each equipment was normalized to a ground fixed
environment,

2.4.1.4.2,1 Correlation and Regression Analysis for Ko, Kg and Ky
After making the ohanges mentioned ubove the SRAP was rerun for KA and KM.
The results are shown in Table 10.

TABLE 10. BECOND CORRELATION REBULTS FOR KA AND KM

. Sample Qty of Qty of
DV Bize 1vs Available IVs Used Multiple R
K A 18 16 11 0. 822
Knm 31 14 0 0. 840

This time the correlation was very good and the predicted values were close to
the actual values. The next step was to minimize the quantity of IVs nnd still maln-
taln & good correlation. ‘The results of this effort are shown in table 11,

TABLE 11._THIRD CORRELATION RESULTS FOR K5 AND Ky

Qty of Qty of
Dv Bample 8ize IVa Available IV Used  Multiple It Reductfon Number

Ky 18 9 8 0,676 1
Ky 81 8 8 0, 840 1
K, 18 B 5 0,662 2
Ky 31 8 8 0,739 2
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The 1inear models used in the correlation analysis of K4 and Ky showed good
correlation as indiocated above but they had two major drawbacks, It was possible
using the linear models that KA + Ky could bo greater than or cyual to one and it was
also possible that KA and/or KM could be less than zero., Bince Kp and Ky must
be positive and KA + KM + Ks must be equal to 1.0, the regression model was
changed to an exponential equation. Two forms of the exponential equation were
used as indicated below:

Y = X
ond

Qe1-0%
where

X = BO+ 31x1+32x2. " BPxP
and

? - RAOI‘RM

The above acheme | uaranteed that R4 and RM were greater than or equal to zero
and less than or equal tu dne, but it did not guarantee that the sum of R A ond ﬁs were
less than or equal to one, This was then solved by using the following:

J = - -x =
R =k, +Ky = 1-€"" whereX=By+B,X, +ByX,. .. BpXp  (14)
or =X (1B)
then
o -X
R, = R@-e") whereX=B)+B,X, +BX,+. .. BpXp (2A)
or = R (%) . (2B)

The results using equations 1A and 1B showed low correlation for K = K A T Ky
80 it wus rerun using K = K At KS 3 KM' This time the correlation und predicted
values were very good. Next equations 2A and 2B were run using the results obtained
for K in the previous run ({.e., K=K At KS)' The resulta showed very good correla-
tion. The summary of the x;esultn are shown in Table 12,
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TABLE 12. FOURTH CORRELATION RESULTS FCR KA AND K

Qty of Qty of Model

bv Sample S8ize  IVe Availabie IVs Used Multiple R Used
K=K ,+Kg 31 18 16 0. 861 1A
K=K, +Kg 31 18 12 0. 848 1B
K, 12 10 8 0, 861 2A
K, 14 12 10 0, 814 2B

Once the model forms were established, they were reduced to minimize the
quantity of IVs while maintaining a good predicting model. The oriteria used for the
removel of an IV was:

1. how easy is it to obtain the data during the preliminary design phase

2. how much effect does the IV have on the model (weighting)

3, engineering judgment

The results for the final model are suown in Table 13,

TABLE 13. FINAL CORRELATION RESULTS FOR KA AND K

Appendix A Ivs
Reference Number DV Sample Avallable IVs Used Multiple R Model
1 KHKA+KS 31 11 11 0. 800 lA
2 K A 12 7 6 0. 936 2A

The final prediction models for Ky, Kg, and K, are:
= =1-¢ %1
A R RA + ﬁs l-e

wheve
X3 = 0,418 +0,0016 MRIQ - 0,0002 ACT + 0.0018 FR + 0,21 DIAG
+ 0,73 DIG - 0,30 PP - 3,80 ALI + 0. 00007 PARTS
+ 0,98 TANAL - 0.001 QFIR + 0. 058 QFIR/MRIQ

B, R,=Ra- o2y

where
X

—

= ~0.63 = 0,003 MRIQ + 0. 0003 ACT + 0,0008 I'R
+ 0,11 DIAG - 0,27 TANAL + 0,18 QFIR/MRIQ

2
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C. ﬁs - R-RA

D. ﬁM= 1- R

2.4.1.4.2.2 Correlation and Regression Analysis for MTTR50) and MTTRcq |
Using the modified data sets desoribed in 2.4.1.4,2, the SRAP program was rerun

for MTTRpgq and MTTR. The results showed very good correlation. A summary

of the results is shown in Table 14.

o TABLE 14. SECOND CORRELATION RESULTS FOR MTTRIs0 AND MTTRCO

Qty of Qty of
! nv Sample Bize IVs Available IVs Used Multiple R
: M’I".'l‘RISO 26 26 20 0,967
MTTRco 26 19 19 0. 809 ‘

The next step was to reduce the quantity of IVs in each model. The coriteria for
removing an IV was the same as dsscribed in seotlon 2.4.1.4.2,1. A summury of
theme runs is provided in Table 15,

TABLE 16, FINAL CORRELATION RESULTS FOR MTTRigo AND MTTRCO

i

i Appendlx A Qty of Qty of

l Reference Number DV Sample Size  IVs Available 1Vs Used R

| | '
: 3 MTTRISO 26 10 10 0. 661 i
!l 4 MTTRy 26 10 10 0.887 :
J ,

The fina! prediction models of MTTRIso and MT’I‘Rc o are:

MTTRyq = 7,94 - 0,01 MRIQ + 0. 00033 FR - 1,88 KA + 0,77 K8
- 0.17 DIAG -4, 38 RESI - 0, 24 AVG + 5,5 PP
+ 0.13 QFIR/MRIQ + 0. 88 DIG
MTTRyq = 0,344 - 0,006 MRIQ +0. 0016 FR ~ 0,126 KA + 0.064 K8 :
+ 0,12 DIAG + 0.70 DIG + 0.67 PP + 1,59 ALI + 3. 70 TANAL
| + 0, 06 QFIR/MRIQ
I, 2.4,1.5 Conclusione/Recommendations
! " ' The regression equations developed in the previous section show high correlation
l \ . with the sample data, however, they are not recommended for use as maintainability
|
|

parameter predictors. There are two major reasons that this recommendation 1s
made,
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First, the regression models showed little sensitivity to the obviously dominant
maintainability characteristica related to that model. For example, the model
established for fault isolation time (MTTREO) wag very insensitive to changes in the
percentage of automatic fault isolation (KA). Fault isolation automaticity 1s definitely
a faotor in fault isolation time but the regression equation indicates only a small
reduction in time with 100% automatio fault isolation (as compared with zero automatic
isolation). '

Second, as in all regression type analyseis, the resulting models are only as valid
as the data base from which the models were developed, Additionally, the models are
only valid for application to systems with characteristics similar to the data base
systems, Assuming there were no errors in data collection, data interpretation, or
data entering, use of the developed models should be restricted to systems approxi-
mating the data base systems.

2.4,2 Simplified Version of the Detailed Prediction Model
2,4,2.1 Prediotion Model Basis ‘

The detuiled prediction model developed in section 2. 3. 2 does not enable MTTR
predictions to be easily made early in the design phase of a program, This section
involves the development of a prediction model, similar to the detailed model, that
can be incorporated without the extensive data required for the previous method,

For an early prediction it is assumed that the following data is available, at
least in preliminary form:

1. A oonfiguration index from which a definition of the primary replaceable

items can be derived

2, The fallure rate of each of the primary replacesable items

3, ‘The overall fault isolation concept (1. e, fault isolation to a single RI or

group of Rls)

4, The replacement concept when fault isolation is to a group of Rls,

(l.e. group or iterative replacement)

6. 'The basio packaging philosophy including preliminary access and interchange

characteristics of each Rl

6. The primary fault isolation technique to be implemented for each primary Rl

7. The fault isolation resolution which is defined in one of two ways:

a) average RI group size
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b) Xj; % isolation to a single RI
X2 % isolation to >1RI, N1 Rls
X3 % isolation to >NjRIs, SN3 Rls
where
Xl +x2 +Xs = 100%
2.4.2.2 Eurly Prediotion Model Development

'The prediotion model developed in this section is based on the generalized
version of the detailed model, That is:

MTTR = Tp+ T+ Tgp+ T + Ty + T, +TA+TC+T

R sT
or
9
MTTR = ): Th
mel
where

Ty ™ Average time of the mt! element

m = the elemental maintenance tasks
(P, FI, S8R, D, I, R, A, C, 8T) us defined in Table 4.

The detailed predioction model assesses MT'TR by defining all possible unique
maintenance actions, determining the frequency of each occurring (i. e. failure rate),
determining the time to accomplish each task, and computing a failure rate weighted
average to determine MTTR, The early prediction model developed herein is a
simplified version of this technique. It defines the major ways in which elemental
maintenance tasks are performesd, assigns failure rates and times to each of the
different elemental task types, determines a fallure rate weighted average for each
maintenance element, and finds the MTTR by adding the average times of each
element,
2.4,2,3 Bubmodels for Elemental Maintenance Activities

Two methods are available for determining the time associated with each
maintenance element,

The first method i8 summarized by the following model:

N
zxn

n=]

—

Tm




e e e s

where

N = the guanidty of primary Rla

A, = the fallure rate of the n'f RI

Tmy = the synthesized time for the mth elemental task of the nh RI

This model assumen that Tmn is available for each maintenance element of each
RI. If this were true for all eloments, the detailed prediction model could possibly be
used, For those maintenance elements where this is not true, the second method
determines an average value for the elemental times by using the following model:

\

m
z xmv va
= vl

T, = v

m V

m
E )‘mv
v
where:
Vm = the number of major unique methods of performing the mth elemental
tank. C

va = the failure rate assot%tated with the set of faults involving the vth method
of performing the m™" elemental task.

va = the time required to perform the mth elemental task using the v

method,

The number of ways of performing each of the maintenance elements (i, @, Vy,)
should be kept at & minimum consistent with the system being evaluated and the data
available. For example, the ways of performing fault isolation on a display console
might be test pattern interpretation for the majority of display cirouitry, maintenance
panel readings for power supplies, computer controlled loop teating for I/0 oirouits,
and munual {solation of miscellaneous cabinet electronics, A time would be
assigned to each of these methods of fault isolation, and an average fault isolation
time would be computed based on the eastimated failure rate of the ciroultry asso-
ciated with each method. A similar procedure would be followed for each mainte~
nance element and the MTTR computed by adding all the element times,

th

P

P
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The Tm computed in the above models 18 only good for the most general case,
where fault isolation is to a single RL The following sub-sections present how the
computation for each elemental times should be modified for the different mainte-
nance concepts and repair policies that exist,
2.4.2.3.1 Computation of ’fp. and Tg,,

Preparation time ('EP) and start-up time (Ts,r) are not normally affected by the
maintenance concepts and policies under consideration. Also, these times are
typioally independent of the failure mode, and weighting by failure rate is not
required for these slemental tasks, However, if the information necessary to
determine ’Fp. or TS'I‘ using & failure rate weighting model is available at the time
of the prediotion then the appropriate submodels should be used aince they will result
{n more accurate estimates.
2.4.2,3,2 Computation of 'fm

Fault isolation is typically performed differently for different equipments or
funotions and the time associated with ench fault isolation time is also different,
Fault igolation time, as defined for the early model, is independent of the repair
policy therefore, the average fault imolation time can be computed using one of
the two models presented in section 2,4, 2.3, During the preliminary design phases

the second method for determining TFI would normally be used and the model for
T. ; Would be:

Ty
VrI
z e, T
Ty = %‘1
FI

z )‘FIV
v=]

where
Ver = number of unique fault isolation methods
Mg ™ failure rate of the set of RIs iavolving the vth
v

¥ = time required to perforn the vth FI method,
tv

FI method

T
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2,4,2,3,3 Computation of TFC = TD + TI + TR

The fault correction time is the sum of the disassembly, interchange, and

reagsembly times, These times were lumped together since the various maintenance
concepts affected these elemental tasks equally, The computation of the fault cor-

rection time is dependent upon the following:

1, fault isolation concept (1.0. isolation to a single Rl or group of Rls)

2, replacement concept (I, e, group or iterative replacement)

3, naccess (i.e. single or multiple accens)

4, packaging (l.e, reassembly required or not required for checkout)

The form of the model for?Fc is greatly affected by the above concepts.
Figure 5 lllustrates the different combinations of concepts that can ocour.
The following subsections develop the models for each partioulur cnse of
figure 5. .
2.4.2,2, 8.1 Cuse 1 -~ Isolation to a Single RX

For this came no changes to the models presented in section 2.4.2.3 are
necessary, Therefore, the models for TFC for this case are:

N
2 W OprTETR,
"f"Fc w i N (i detadls about each Rl are known)
2 *n
n=1
or

'ro
2. >‘1"‘Cv (Tp + Ty *+ Thly
y=]l

F -« (if only preliminary data is available)

e "7 Ve
> Mo,
\ad |
2,4,2.8.3.2 Case 2 - Isolation to a Group/Single Access/Group Replacement
Sinpe group replacement i required for this onse the nverage interchange
time must be multiplied by the quantity of RIs in the isolated group, Since the

fuult isolation groups of the diagnostic program are not known at this phase of a
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program, it is difficult to determine the quantity of interchanges required for ench
fallure., Instead, the interchange time is multiplied by the average quantity of RIs
('50) per fault {solation group. This value is determined by either estimates of the
diagnostic capabilities or by using the specified requirements. The fault correction
time is then computed as follows:

Toc ™ Tp * 8T * Th
where:

8g

TD. TI' TR. are determined using the models presented in 2.4. 2,3 and
repeated here,

= average fault isolation group size(see section 2,4.2.3.3.2.1)

N
AT
; nTm
T oow A" N B (if details of each RI are known)

m
A
&

wherem =D, [, R

or
Vm
\ T.
Z m, "Xy
-T.m - %'-3'.-—-— (if only preliminary data is available)

A
2 my
v=]

2,4.2,8.8,2,1 Definition of §

When the maintenance philosophy (s fault isolation to a group of Ris the techniclan
has two options. Depending on the replacement concept the Ris can be replaced as a
group or one by one until the fault is corrected. In order to nccount for the additional
time ruquired to replace more than one RI the average replacement times are multi-
plied by 5. ¥ s defined two ways;

E'G = when a suspeoted group of RIs are replaced all at once, this value of 8

is defined as the average number of Ris that appear in a fault isolation

result.
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'§I = when a suspected group of RIs are replaced one by one until the fault
18 corrected, the value of 8 is defined as the average number iterations
required to correct a fault, also known as the fault isolation resolution,
The methodology for computlng?(l or G) is presented in section 5.2,5. 1,
2,4.2, 8,3, 3 Canse 3~ Isolation to a Group of RIs/Single Acoess/Ierative Replace-
ment/Reassembly Not Required for Checkout
Tor this case RIs are replaced one by one with checkout performed after sach
replacement until the fault is corrected. Assumning that the average number of

iterations required for fault correction ia 'B'I then, the form of the fault correction
time model is:

Toc = Ty * ('é‘l) "i"; + Ty
where E;il the average number of iterations required to correot a fault and -'f‘i).
Tys and Ty are computed as in seotion 2.4, 2.3,
2,4,2,3.5.4 Case 4~ Isolution to a Group of RIs/Bingle Acoess/lterative
Replacement/Reassembly Required for Checkout

For this case reassembly is required for checkout after each replacement,
Therefore the average disassembly and reassembly time (as well as the interchange
time) must be multiplied by the number of iterations required for fault correction
(a8 i1 2,4,2.5,3:3, §)s

Therefore:

Tro

- ”s‘I ("fD + "r'i + ”fR)
2,4,2,3,3.8 Case B~ Ipolation to a Group of RIs/Multiple Access/Group
Replucement

This case is similar to case 2 but the isolated RIs are not neceasarily located
in the same unit. Therefore, the disassembly and reassembly time must be
adjusted to account for more than one access required, The form of the model in
this case is:

Trc

.....‘.+.i‘_'

--':_[‘.'-i- R

p * 8g7)

Tl; and Tl; are the adjusted disassembly and reassembly times that account
for multiple access. This is approximately equal to the average disassembly or
reagsembly time multiplied by the uveras'e number of socesses required per fault
isolation in group. The details on how TI‘-D and "'f"l{ are computed is developed in
2,4,2,3,3,5.1,
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2.4,2.3.8.6,1 Development of Models for 71"1._; and "i"l;.

The computation of "i‘}; and ’Fﬁ are based on the following assumptions:
) \ ‘ s the maintenance concept is fault isolation to a group of Ria and group
‘ } replacement with multiple access . f
,- ; ' o the RIs can be grouped into "'G'' RI sots with an estimated -S_g (average
" number of RIs in a fault isolation result) for each set as is doue in
: ' I‘ section B, 2. 6.1 )
{ | ’ With the above assumptions the disnssembly and reassembly time can be
P computed as follows:
J
F - Z hg T D/R
D/R G
| 2 g ‘
=1
or
a
ossal
) Mg Tp
8
T, = a:l_.___
k‘ |
_ g1 |
i 7 ,
: d Y A\, T |
. ( : T él y Rg |
" . R . }
| | 2 g -
1 =1 . 1
. |
‘ 1 . where the total expected disassembly or reascembly time for the gth R{ set can be : |
| . ' computed by: |
: : Ag ; ’
* ~4 - |
o o/m - 5_ FoalTp " Ty, Z Pga Tny,* Z P Try, |
l | ’,r 3-1 . '-1
o .
g 0 [
g ]
, ] ‘;&‘-.‘:. \ t
R A - |'
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where:

As = the total number of unique accesses contained in the gth RI set

TD = the estimater] titne required to disassemble the aﬂ' access

ga
R " the estimated time requived to reassemble the ath
ga
pga. = the probability that an RI from assembly ""a" ynll be contained in the
fault isolation call out
The above equation can be modified to determine the average number of

acvesses required per fault isolation result,

e
Ag = 2 Pea
awl
where A = the average number of accesses required per fault laolation result
for the gth Rl set,
From the assumptions stated prevlqully.
0 _ M
P ™ T
g
where ¢
Oa = the probability of accessing the a.m assembly of the

P
g
)‘ga = the failure rate of Rls in the gth RI set with the uth type asgembly
Ag ™ the failure rate of Rs located in the ¢ RI set

Algo, the probability that an RI is not located in assembly "a"

T acoess

&0 RI set,

Ag =\
@O =1.-p) w_E__E8
ga ga )‘E

The above prroabilities are valid for: 1) when only one Rl appears in the fault
isolation callout, or 2) the firat RI in a fault {solation callout containing more than
one RI. For a system where the average number of Rls in a fault isclation callout
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88 g the probability that the 88 h ar (1 e. the lnat RI in fault isolation callout) will be

in the a th access, glven that the first S‘ - 1 RIs in the fault isolation callout are not in

the ath aocess Ls:

where Mo ™ A‘E/Nﬂ
and N‘ = the number of Rl in the ath assembly of the ‘th RI net
Hence the probability that none of the E RIs called out by the fault isolution result

will be in the uth pssembly is:
}ﬁ A= (81 R, = A
Q = _E.._____.:___K__.Eﬂ.
Ea ] F'y (8-1) g
and the probabllity that at least one RI called out by the fault isolation program fs in
assembly in:
P_=1-4Q

ga ()
Note, that if NE (L.e,, quantity of RIs in the g let) {s large compared to § ¢ then

the equation for Q_  reduces to

therefore:

Ay ™ A
P = 1= (J-_ﬂ‘_) g
ga g
Substttuting P tnto the first two equations presented for TD /R results in

T + T
("o * g

B2

A 8
_ g Ap = Ay g
o, * 2 |1 ()
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and which can be broken up into

A A
s | g x = k o g
T = 2 1 - _5__,):_&. TD
g anl L B J ga
and
Al R
— N = Mg 8
Ty = |3 (-2) |
i S g I

2,4,2.3, 8,6 Came 6 = Isolation to a Group of Rls/Multiple Access/Itexative
Replacement/Renssembly not Required for Checkout

This case iy very similar to the previous case, Since reassembly is not
requived for checkout it is unnertain how many different disassembly and reassembly
times will exist, The average disassembly and reassembly times must be multiplied
by the average number of accesses that will occur for this case (—-2"'—1, the average
of the maximum and the minimum number of unique accesses), The interchange
time muat also be multiplied by the average nunber of {terations required to correct
a fault (B'I). The resultant model is

Tee = 252 (Tp + Te) + 8 (Ty)
wheret
A = the average number of unique nccesses per fault isolation result,
(determined per section 2.4,2.3,8,5,1)
—T"D. "i"R. "I"I the average time required to perform those mtl elemental tasks.
(determined per mection 2.4.2.3)
2.4,2.3, 3,7 Case 7 — Isolation tu a Group of RIs/Multiple Access/lterative
Replacement/Renssembly Required for Checkout
Thie case involves a disassembly and reassembly time for ench interchange,
Therefore, the fanlt correction time is
- §, ("fD + T+ TR)

Tre

63




where:

Ty TI' Ty &re the average times computed for each elemental task by the

cquations of 2, 4. 2.3

2eds

The

2, 3,4 Computation of 'I‘A )
The uverage alignment time is determined by using the second model of 2.4. 2. 3,
different types of alignment are identified and the fallure rate associated with

such type Is estimated. Note that the average alignment ttme (T,) Is taken over the
total system failure rate and not over Just the failure rate requiring alignment,

The resulting model is:
Va
A T
2 AV AV
o= y=1
AV A
> A
A
v=1 v
where:
\% S the number of different nlignment methods (including the case of no
‘ alignment required)
A, = faflure rate assoclated with the set of Rls requiring yth alignment
method
T, = estimated time for the v alignment method,
v
2.4.2,3.5 Computation of T

The computation of the average check-out time (TC> 1s dependent upon the

replacement conoept.

For group replacement only one check-out would be required, Thus the models

presented in section 2. 4, 2, 3 would be directly applicable:

N
2 A n TCn
Ta Di-ﬁ" -—— (If information is avuilable for each RI)
2 My
=1

H4




or

Ve
z )‘Cv ch
] v=1

Te = -~V—C— —— (if only preliminary data is available)
N .

2 M
v Y .

' : For iterative replacement there is one check-out for each interchange. Since |
‘ the average number of interchanges is (S—I): : |
: |

S e e
: - Ty =5, T

|
j where TC 18 computed like it was for group replacement,

2.4.2. 3,8 Computation of Tgp

The model for the spare retrieval time is dependent upon the spare re-
trieval philosophy. Figure 8 deplcts the breakdown of the various concepts
that can ocour.

'The resulting spare retrieval submodels for cases 8R-1, SR-2, and BR-3

are:

SR= N (if information is available for each RI)

!
=>’

nr

a 1’ Top = y=1 (if only preliminary data is avallable)
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SPARE RETRIEVAL TIME

QHAOUP REPLACEMENT

ITERATIVE REPLACEMENT

O8TAIN ALL OBTAIN SPARES OBTAIN AlLL ONTAIN SPARK

SPARES AT SPARES AT

ONCE WHEN NEFOKD ONCE WHEN NEEDKD
CASE SR.1 CASE BR-1 CABE SR.3 CASE SR-4

Figure 6. Pomsible Space Retrieval Philosophies
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The model of case SR-4 1a;

SR
where TBR is computed as in model 1,

2.4.2.4 Computation of MTTR
Onoe the average time for each element has been computed, the final step {»

just a simple suromation.

- = o
Tsh = 51 sR

§

M
MTTR = Z T,
m=)

where "Fm = pverage time for the mth element of MTTR (preparation, fault

isolation . + & )
2.4.2.5 Summary of the Early Prodiction Submodels
Table 18 summarizes the sarly prediction models developed in this section,
Tho appropriats models to be used can be easily detsrmined by selecting the applic-
able maintenance philosophy, The resulting MTTR is found by summing the average
times computed for each elemental activity,

P

Definition of the termas that appear in each sub-model can be found in
Table 17, Other parameters that are necessary to compute the average times
for each elemental maintenance activity are the average number of Rls in & fault
isolation result ('§G). the average number of RI interchanges required to correct a
fault @), and the average number of unique aocesses required per fault isolation
result (A). Methods for computing these parameters are presented in the early
prediction procedure (section B, 2. 5).

MTI‘TR-T + Ty + Tgp+ Tp+ Ty + T + TA+TC+TBT
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APPLICABLE PREDICTION MODELS FOR THE VARIOUS

TABLE 16.
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TABLE 17. DEFINITION OF EARLY PREDICTION MODEL TERMS

F]

- time required to prepare a system for fault isolation using the Vth method
- time required to isolate a fault using the vt‘h method

- time required to obtain a spare using the vth method

- time required to perform disassembly using the W method

- time required to perform reassembly using the vth method

- time required to interchange an RI using the vth'method

- time required o align or calibrate an RI using the v'® method

- time required to check a repair using the vth method

~ time required to start up a system using the vth method

- failure rate of Rls associated with the vth method of performing preparation

- failure rate of Rls associated with the 1.'th method of performing fault
imolation

- failure rate of Ris associated with the v"h method of performing spare
retrieval

= failure rate of Rls associated with the \rt‘h method of performing disassembly
- faflure rate of Rls agsociated with the vth method of performing reassembly
- failure rate of RIs associated with the vth method of performing interchange
- failure rate of RIs associated with the vth method of performing alignment

- failure rate of Rls assoclated with the vth method of performing checkout

- faflure rate of Rls associated with the vth method of performing start-up

- the number of unique ways to perform preparation

- the number of unique ways to perform fault isolation
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TABLE 17, DEFINITION OF EARLY PREDICTION MODEY, TERMS (Con't)

> > w| <t < <
U'-}'-]"‘ >!>”Q$<O><H:U<C‘<Y_;

- the number of unique ways to perform spare retrieval

- the number of unique ways to perform disassembly

= the number of unique ways to perform reassembly

- the number of unique waya to perform interchange

~ the number of unique ways to perform alignment

~ the humber of unique ways to perform check-out

~ the number of unique ways to perform start-up

- the average number of Rls contained in a fault isolation result
- the average number of interohanges required to correct a fault
= the number of unique accesses (A = VD or VR)

= the average number of unique acoesses required per fault isolation result
- the failure rate of the Rls that require the ath type of access

= the total system failure rate

~ the time required to disassemble the uth access

- the time required to reassemble the nth access
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2,6 PREDICTION OF MAXIMUM REPAIR TIME
2,6.1 Discussion of My (¢)

Specification of maximum repair time (in addition to a specified mean) is a
common practice. Since repair time distributions are typically lognormal, exponential,
or normal (refer to figure 7), the distribution has a "'tail" which asymptotically
approaches zero., Therefore, repair time maximums cannot be specilied as an abso-
lute value but rather must be specified as a pevcentile of the total distribution (lL.e.,
80, 90, 965, 99%). The selvcted percentile represents that percentage of repairs that
can be purformed In a time equal to or less than the specifiad value and le equal to the
shaded area under the ourve shown in figure 8.

The maximum repair time Is typloally denoted by Mmax Mmlxot' MTT Ry ax OF
Max TTR. For this report, the maximum will be denoted as M, ... (#) where & I8 the
assooiated percentile,

The concept of My,ay (4) I8 stralght forward but an acourate quantitative predic-
tion of its value I8 not easily obtalned, Several methodologies have been developed
but each has draw=-backs and inacouraoles, Two of the more common methods are
MIL-HDEK-472 Procedure 1, and MIL-HDBK=472 Procedure 3. Procedure 1 results
in a cumulative distribution funotion which can be used to predict any derived
percentile, The cumulative distribution is derivod by combining the time distribu-
tions of the individual tasks which make up the repair actlons. The method Is based
entirely on tusk dofinition and individual task time distributions derived from historioal
data from a system(s) with similar maintenanco characteristios. This dats I8 expen-
slve to develop and not normally available,

Procedure 3 prediots Mpgx (¢) based on the M,, .. (¢) equation from MIL~8TD~
471 Test Method 2 (MIL~BTD-471A, Test Method 8). This procedure assumes that
repalr times follow a lognormal distribution and uses a fixed mample of repalr tasks
to evaluate M oy (9). This method {8 adequate for demonstration purposes since it
is based on & random sample of repair actions (approximately failure rate welghted)
and a random ocourrence of each repalr action in that sample. As a predlctlon meth-
odology It 18 less acourate since it eliminates the randomneas of the time assoclated
with each trial and results in a prediotion of Mpygx (#) based on a distribution of means
rather than on an entire distribution of repalr times,

Asg an example, consider a simple unit with 8 different maintenance actions {i,e,
repair types). Further arsume that the 6 repalr types have an equal frequency of
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THE LOG NORMAL DISTRIBUTION APPLIES TO MOST MAIN.
TENANLK TASKS AND REPA|R ACTIONS COMPRISED OF SEV.
ERAL SUBNSIDIARY 'TARKS OF UNEQUAL FREQUENCY AND TIME
DURATION., EXPERIENCE HAS SHOWN THAT IN ALMOST ALL
CABKS THE DISTRIBUTION OF MAINTENANCE TIME FOR COM»
ALEX EQUIPMENT AND SYSTEME |18 LOG NORMAL.

THE NORMAL DISTRIBUTION APPLIES TO THE RELATIVELY
STRAIGHTPORWARD MAINTENANCEK TARKS AND REPAIR ACTIONS
(.0, BIMPLE REMOVAL AND REPLACEMENT TARKS) WHICH
CONSISTENTLY ARE COMPLETED WITH VERY LITTLE VARIATION,

'

1
4

THE EXHONKNTIAL DISTRIDUTION APPLIEE TO MAINTENANCE

TABKS INVOLVING PART SUBKTITUTION METHODS OF FAILURE
ISOLATION IN LAPGR BYSTEMS, IN SOME RESPECTS, A SPECIAL
QASE OF THE LOG-NORMAL DISTRIBUTION,

Figure 7. Typical Repair Time Distribution

0.4

0.3 p—

0.1

RELATIVE FREGUENCY OF
REPAIRS REQUHRING (ty)

HOURS TO COMPLETE

® = PERCENTAGE OF ARKA
UNDER THY CURVE
HICH I$ SHADRD

Mmax (#)
TIME-TQ:REPAIR

Figure 8. Mpay (®) for a Log Normal Distribution
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ocourrence (i,e., equal fallure rates), The time ussoolated with each of these repair
types and thelr assoclated maintenance elements (l1.e., preparation, fault Isolation,
disassembly, eto.) has some variabllity nasociated with it. Assume the distribution
of times for each of the flve repalr types is a8 shown in figure 9. These distribu-
tlons are derived by combining the time distribution asgoctated with each of the
individual malntenance elements. Figure 9 indioates the assumed element time
distribution for repalr type 4. Typloally, the distribution for the 8 baslc maintenance
olements will be as indioated in Table 18, As noted in the table, the major causes of

variance in the individual distribution are technician/vperator orlented (e.g., skill,
dexterity, motivation).

Table 18. Typloal Distribution of Times Associated with
the Nine Basio Maintenance Elements

Maintenance
Element Typloal Distribution varlance Factors*
Dreparation Normal Test squipment retrieval and warm=-up
time, techtiolan skill,
Fault Isolatlon Normal Techniolan interpretation and under-

(automatic lsolation) standing of result..

Lognormal Techniolan skill and luck.
(manual isolation)

Spare Retrieval Normal Looation of spares

Disassombly Normal Teochnloian skill and dexterity.
Interchange Normal Teachnician skill and dexterity.
Reassembly Normal Technlclan skill and dexterity,
Alignment Lognormal Amount of alignment required, techniofan
skill and dexterity,

Cheok~out Normul Technlolan review of results,

(automatioc)

Lognormal Techniolan skill

{manual isolation)

Start Up Normal Equlpment warm up, operator skili,

*The listed factors all inolude technician motivation,
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In the example, the mean (t-“) for each repalr type 1s found by udding the mean
times of each element (1.0, tp, tF] tSR, ©tc). The MTTR (1) (s found by computing
the fallure rate welghted average of the means of the 5 repal\r typess, ‘Lo find My .o (),
the distributions must be combined and the desired Mmax () taken from this
derived distribution, The procedure of "oreating'' a distributlon of the repalr type
means and finding the My ax (®) of that distribution ia obviously not the same aa the
Mmax (%) of the derlved true distribution (refer to Figure 9), As indicated in the
example, the My, .. (85) apsumed log normal distribution based on the predicted means
and variance, as derived using Lhe equatlon of MIL-HDBK~472 Procedure 9, is much
less than the true M, ., (98) derived from the true combined distribution, This is the
expected result and this method will always result in an optimistio prediction of
My ay (8
2.6.2 I_’l'_e_gl_c_tign of Mmax (d_i-)

Depending on the desired accuraey, two methods of predicting My, oy (4) have
been derived and proposed herein, The first moethod provides an approx!mation of
Myyax (®) to be used wheh the overall repalr time distribution can be assumed to be
loghormal, and the varlance can b¢ estimated from previous experience, The second

method provides u more detuiled methodology.
2.5.2.1 Approximation of Minux | (_@_)

An approximation of My« (@) oat bo easily obtained, given that the overall
repalr time distribution ig lognormally distributed, by using the following equation:

A o
M (®) = MTTR OxXp Zg \r!n (1+n[).

max -
\! 1+ 112
where

MTTR = the predicted mean time to repalr
% = the coefficlent of variation, either based on sample datn, or historical
data on similur systems. The coefficlent of varlation s defined as

¢op /MTTR where n {g the stundurd deviation of the repalr time

distribution.
= yalue obtalned from the standard uwormal digtribution tables corres-

ponding to the deslred percentiie (b) A partial list is provided below,
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Percentile (b) LT

80% 0.84
85% 1,03
80% 1.28
05% 1.64
96% 2.33

The above equation for predioting M., .. (#) is derived in Appendix B,

As a further approximation, to be used for order of magnitude computations,
Appendix C provides a ready compilation of Mpyax (®) for glven values of MTTR and
standard deviation. My, (4) values are provided for combinations of MTTR values
from .1 to 2,6 hours, logncrmal repalr time distribution standard deviations (sigma)
of .1to 2,8 hours, and percentiles (¢4) of 80, 70, 80, 80, 65 and 09.
£,5.2,1,1 Coefflolent of Variation

The ooelfioient of variation (n) may not be known during the prediction stages of
& given program. In this onse n should be approximated based on previous experlence
on similar systems. If applicablo exporience is not avallable, the data provided in
table 19 can be used. The data represents actual maintatnability demonstration
results from 14 formal tests conducted on modern systems/equipments. An

Table 19. Coefficlent of Variation (n) from 14

Formal Maintainability Demonstration Teats -

&Tn:;:e Demonstrated

Equipment/System Type Slze MTTR YT /MTTR
Dats Processing System 70 9.98 0.69
Sonur Reocelver a3 15.98 1.87
Display Equipment 51 7.7 1,68
Communioations 60 10,14 1,10
" Communioations 40 10,67 0.53
Electronic Warfare 21 44,33 0.53
Moblle Radar 48 13.40 0.61
Signal Processing B0 13.9 0.56
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Table 19. Coefficlent of Variation (n) from 14
Formul Malntalnabulty Demonstratlon Testa (Contlnued)

S:‘nﬁgfe Demaonstrated

Equipment/System T ype Slze MTTR - ﬂw!_.__
Display Equipment 25 17.3; o 1,21
Data Processing System 100 5,39 1.31
Slgnal Processing 60 12,10 0.86
Data Converter 60 3.42 0,42
Display 60 13.17 0.50
Display X 650 14,24 0,64
Average '(.3.;; ————— m
Welghted Avemge Y. Hp—— 0. 864

average of all the tauta yleldl R wemclent of varlation of 0.848, A welghted nverage
(using the sample size as the welghting eriteria) ylelds an average of 0.8684. Both of
these averages compare favorably with a coeftioient of varlance of 0,877 us presented
in "Results of Bleven Malintainability Demonstrations' whioh was published in the
IEEE Transactiona on Reliabillty (Vol, R=16, #1, May 1987), MIL~HDBK-472 Pro-
cedure 3 proposes a coofficlent of variance of 1,07 but this is nonsidered of little
value, based on the out-dated base from which this was derived. In general it appears
that the coefficlent of variance decreases as the dogree of fault lsolation automaticity
and degree of modularity inorense,

2.5.2.2 Dotalled Mmgx (d) Analysis
Thie soction presents the baslo methodology for predicting Mmax (¢) when an

acourdte representation of the overall repair time distribution is deslred. The meth-
odology requires that a distribution of time for each maintenance element (1.e., pre-
paration, fault imolation, eto.) be known or assumed.

The methodology I8 genersl and oan be applled to any definable distribution or
combinations there of, however, the complexity of computing the overall dlastritution
inoreases proportionately with the complexity of the maintenance element distribu~

tions. A simplifying assumption can be made that ull maintenance elements have normally

distributed timews, Thia simplifying assumption is reasonable since each maintenance

element s the sum of many independent task times, e.g. the maintenance task "prepara-
tion'' may inolude time for equipment warm-up, acquisition of necesaary tools, etn, By
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the central limit theorem in statistics, the distribution of the maintenance element
approaches a normal distribution as the number of contributing task times inoreases,
Based on this assumption the detailed procedure huts been developed and a computer pro-
gram written for computing the desired My, (#). Programs based on other distributicns
of maintenance elements can be similarly developed and programmed,
2.5.2.2.1 General Approach

In thu general approach, we have a system with total fallure rate A, and with
N x J posaible repair types with random repair times an, n=ly «o.y Ny J=1, «0y J
where J is the total number of unique fault isolation outputs and N is the total number of
repairable items. ILet Am be the failure rate of that portion of the nth repalrable ltem
whioch I8 covered by fault isolation output j. Further, let innj (t) be the probability
density function for an, n=l, ..., Ny j=1, ..., J. It is assumed that fan is continu-
ous and concentrated on [0,%), If T 1s the system repair time, then its density func-
tlon g (t) (since the events {'1‘ = an } are mutually exclusive) is:

"
gt = P .t (1) (1)
9 L Pyly

where
*

N J
E-«Z Z i amd By = A /Ag
= <]

The mean system repalr tfme is

* *
o8 o<
pp  E(T) =f tg.p (0t =Z P ftfR @t = anjpn @)
0 o M nJ
where
b = E(R nj) = mean repalr time an, and the varfance of the system repair
nj thme Is
y -
2 _ 2 z _\ 2 2
o < E(TY) - Hop -L Pnj f t fan(t)dt- Hop (3)
0

™
_ 2 2. .2
-2 Pog Or T ERy) T T

(1.}
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where

anjz = varlance of the repair time Ry

Values of M, (&) are glven as solutions to the equation

*
iy (o) i (®)
be max gp ®) dt = E Pnj 6/” max fRn! trdt = & 4

which are not, ingeneral,unique. Suffloient conditions for the existence of & unique
solutlon are that fnj (t) >0 forallt >0, n=1, ..., N, j=1, ..., J and that each f,,j (t)
he continuous, condltlons easily met in practice, Equation (4) can easlly be molved,
under these sufficlent conditlons, by using lterative means on a computer,
2.6.2.2,2 Assuming Normal Densities for the Ry;'s

In practics, an. n=l, ..., N, §=1, ..., J are sums of several independent repalr
element times which are themselves sums of & large number of Independent repalr
task tlmes, An application of the central limit theorem suggeste that the densities
fan are approximately normal, Specifically, the density fan wlll be (@pproximately)

2
1 ¢ MRy

- L W
fan ® = = C eXP 1~ 3 TR

nJ nj
where

2 are the sums of the elemental repalr time means and variances,

and
Han chnj

respectively. Presumably, MRy and tarjz will be such that the normal denslty is,
approximately, concentrated on the positive real axis, i.e.,

2
0 t-pR
1 1 nj
_— exp (- — dt = 0 (6)
\/2 bg U'an —mf E < O'an >

t 2,
1 _ X /2
If we letn(t) = . f 9 dx, then equation 4 becomes
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nj

which will have a unique solution for all & where 0< @ < 1, The advantage here Is
that only one density function need be programmed In order to caloulate Mpax (4) using
a computer,

2.6.2.2.3 Computer Program

A computer program llating is provided in figure 10 for performing the normal case
desoribed above. A sample lnput/output for the program is shown in Table 20. The
resulting distribution for the example is shown in figure 11,

The means and variances for each repair element whivh makes up the individual
repalr times Rﬂi are inputed. kR and 0'2 are then computed and equation (6) is
solved for Mmax (®) for the glven'ﬂ using thé secant method. The secant method
solves equations of the form

fx) =0
by forming the sequence (for n=1, 2, ....)

Xnel = Xy @y = %y ) f)/ @) - o))
after choosing %5 and X, b8 starting points. The sequence is terminated after the
deeired acocuracy Is renched. Several points concerning the computer program
deserve discussion.

First, no Integration 18 performed per se in the calculations of

o
Rn j

<Mmax (°)-HRI\! >
n

Instead, the following approximation is used,*

2
nt) = __1_ J o X /2 dx
Vir -

2
e 1- (T et /2 [, 4 +6,a% 41, A% +n, Al + by A%]+ e

*Abramowltz, M, and Stegun, I, A ed , Handbook of Mathematical Functlons,
(Washington, D.C.; The Government Printing Offlce, 1972), p. 982,

‘10

o




where
[e®) < 7.5%x 1072 for all t and
A = 1/(1 + 0.2316419¢t) with the by's given by:

b, = 0,3183816%0

1
-0,356663782

o o
[~
14 f

1,781477937
1,821255978

o
& »
n "

1,330274429

Secondly, the user must provide two Initial guesses to M, .. (&) denoted by X0
and X1 in the computer program. It ls essential that X0 not equal X1 since this would
oause ''zero dlvides" {n the program. The best way to plok X0 and X1 18 to guess at
an interval in which My,p, (&) will lle. Then, seleoct X0 and X1 as the endpolnts of
that interval, '

Finally, although the present discussion denls with double subsoripts n and j, the
distinotlons indloated by these subscripts are Independent of the calculations perfor-
med, Hence, the program uses the data in single dimensioned arrays of length N x J.

The input data g read in the fol owing order:

X0 (Initial guess), X1 (Initial gueas), PHI (@), LT (Total system Iallure rate)

N1 (Number of elements contributing to flrst R), LAMBDA (1) (Fallure rate)

MU, 81G2 (mean, variance for first element)
MU, SIG2 (mean, varlance for 2nd element)

N2 (Number of elements contriluting to second R), LAMBDA (2) (Failure rate)
MU, SIG2
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The following condition must be met: '

z: LAMBDA () = LT

All X

Sample input/output, and program llating follow.

Table 20, Sample Input/Output Data for
M {¢#) Computer Program

Input Data

Output from Program

The resulting distribution of the sample data is shown in Figure 11,

?.0D0  .90DO

50.000

<2400
2100
+ 20D0
1800

100,000

SR
1400

%0.000

10D
«OBDO
1100
0700

%0000

0500
«H0DO

8.17
b.o®
.10
B.10
e L9000 =

2

290,00

ALY

—  — -
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Figure 10, Listing for Computer Program to Compute Myax(#)
When Elemental Maintenance Activities are Normally Distributed

00010
06020
00030
0040
.00%0
00040
00070
00080
000%0
00100
00110
00120
00130
00140
001350
001460
00120
00180
00190
04200
(00210
002220
00230
00:140
00250
Q60
00270
00280
00Quv0
0300
Vo310
00320
00330
00340
00480
00360
00370
00380
007180
00400
00410
00429
00430
00440
00450
00440
00470
00480
00490
00500
00Y10
00%20
040530
00%40
00550

10540
00570
00880
00390
00800
00410

INFLICI'T REAL+B(A-H) ,REAL#8(0-2)
REAL8 WUR,BIBIR,NU,8102,N,LAMBDA,LT
COMMON PHI, LAMBDA(100},KUR(100),5162R(100),ITOTAL

c X0,X1 ARE INITIAL BUEBSES TO MNAX(PHI). LT IS TOTAL
c FAILURE RATE OF SYSTEM,

READ(S,#) X0,%1,"HT,LT

G ERRnNAX ERROR IN MMAX(PHI)

ERRx0, 00500
Jud
30 Jud4
READ (S, END=10) NN,LAHBDA(J)
LANBDA ¢ J) L ANBDACS) /LT
NUR (J)=0,D0
BIAIR(.I*Q.DO
DO 20 I=1,NN
c NN 15 THE NUNBER OF ELEHENTS 1O FOLLOW,

C LAKBDACJ) 16 THE FAILURE RATE OF THE REPLACEABLE ITEM
WHOBE REPAIR TINE 18 MADE UP OF THE ELEMENTS WHICH FOLLON.

READ(S,%) NU,8102

C HU 15 THE MEAN, S162 IS THE VARIANCE OF EACH ELEMENT.

HUR{J)=BURCJ) MU

20 BIG2R(JI=BIBIR(J)+BIBR
80 TO 30

10 ITOTALRJ-1
XN=X1
XNM1=X0
40 XNTuXN= CXN=XNN1 D3 CXND/ CF CXN) <F (XNK 1))
WRITE(4,2) XM
C MNAX(FH1) I8 PRINTED AT EACH ITERATION,
IF{DABB (N1 =XN) uLELERR) GO TO %6
XN e XN
XN= XNt
6 T0 40
U0 CONTINUE

WRITECS,1) PHI, XM
1 FORHATCIX, “MMAX (Y FA.3, )", F2)
2 FORMAT(SX,F10.2°

gTOPR

END

FUNCTION NCDY

INFLIGTT REAL+BCA-H,N) ,REAL+B(D-3!)

C BTANDARD NORMAL DIBTR(BUTION [-UNCTION
C FOR THE METHOD, BEE THE NATIONAL BUREAL OF STARDARDS
T HANDBOOK OF HATHEMATICAL FUNCTIONS

As 1. 00/ U1 D04, Q3L BT0T)

20 ,ITBYA228D0WDEAF (- SDO( e +2))

Ne (51938153 00+A- . I5ABATTR2D0 ¢ Ak ed)

NN+ L 2B147937 D00 CARe D) ~ 1, BD1258978 CAx kd)

NsN+1, 3302744290104 (Awed)

Nevl (DO~ 24N

RETURN

END

FUNCTIDN F(X)

IMFLTCIT REAL#BCA-H,L,M,N) ,REALsH{0~2)
CONMON PHI, LAMBDW(100},KURC100),8102RC1Q0), ITHTAL
Fug,Dd
DO 10 I={,ITOTAL

10 FaF+LANBNACI)*N( (X-MURCT) ) /BLB2RCI D)
FafF PHIL
RE TURN
ENL "3

- et
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Figure 11. Resulting Repair Time Distribution for a Sample
System Containing Four (4) Repair Types with Different
Normally Distributed Repair Times
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2,6 OTHER PREDICTION PARAMETERS

As wans mentioned previously in Sectlion 2,3,1 MTTR s the prediction parameter
most often specified in DOD contract requirements, This section presents some
other prediction parameters that may require prediction and the prediction model for
each, The prediction procedure ls basioally the same as for the MTTR predictions,
The prodiction parameters covered here are MTTR with periodic adjustments, mean
mainteaance man hours per repalr (MMH/REPAIR), mean maintenance man hours per
maintenance action (MMH/MA) including false alarm rate, and mean maintenance
man hours per operating hour (MMH/OH).
2.6,1 MTTR with Periodic Adjustments

Some systems are required to be operational twenty-four hours a day. Due to
this continuous operation any downtime aifects the availability of the system (avail-
ability 1 defined as UPTIME/(UPTIME + DOWNTIME))., One possible downtime other
than downtime for corrsotive maintenunce (MTTR) associated with predicted fallure
rate is the downtime required to perform necessary periodic adjustments. If down-
time for periodle adjustments must be accounted for, the following model can be used

) RIRS
A R + £ T
MITR = AL n'n = b b

where:
A, = the failure rate of the nth FI

n
R, = the average repalr time for the nth RI
f, = the frequenoy of occurrence of the bth perfodic adjustment (per 1 mil-
lion hours)
Tp = the tlme required to perform the bth periodic adjustment
N = Lhe quantity of Rls
B = the quantity of Perlodlc Adjustments Required

2,6.2 Mean Malntonance Man Hours Per Repalr (MMH/Repair)

Some contracts require the determination of the manning level required to perform
corrective maintenance. To satisfy t1ls requirement the general form of the MTTR
equation must be modifled to predict the maintenance man hours per repair instead of
elapsed time per repalr (MTTR). This can easily be done by replasing the repalr

6




times, in the appropriate MTTR models with the maintenance man hours requirad for
each repalr action, The resultant form is:

N
Z Ay mn

NMNH/Repatr = 21
2
n=1

where:
N = the quantity of RIs
My = the failure rats of the nth RI
MM, = the averago maintenance man hours required to repair the nth RI

e equation for MMH,, (analagous to R,) can be expressed as:
Jd
3 n, MM
&t MRy

%

where:
J = the quantity of FD&I results
Apj = the fallure rate associnted with the Jth result for the nth RI
MMHpj = the maintenance man hours required to repair the nth RI given the

jth regult

2,6.3 Mean Malntenance Man-Hours Per Maintenance Action (MMil/MA)

MMHE/MA s the same as MMB /Repair except that it inoludes maintenance per-
formed as the result of system fallure false alarms, For purposes of this procedure,
malntenance due to fallure false alarms will be limited to the following:

1) & fault is detected during normal operations hut cannot be repeated during

the fault isolation process,

2) a fault is detected and {solated to an RI when the RI does not have an aotual

fault (Thie is usually caused by testing conditions such as BIT tolerances).

The model for MMR/MA including the false alarm conditions noted in 1) & 2) above




is
iL {1+ an) )\n mn + t Fln )sn mn
MMA/MA = 23 ~

ﬁ (1 + Fag) My +2:§ Fin My
where:

Fy, = frequency of ocouxrence of type 1 falso alarms (expressed as a fraction

of the nth RI fajlure rate)
Fygy = frequency of osourrence of type 2 false alarma associated with nth Rt

type

MMHD = mean maintenance man hours assoointed with type 1 false alarms,
This time {s normally limited to preparation time and fault lsolation
time which oan be computed similar to sections 2,4.2.3.1 and
2,4.2,3.2 respectively,

2,6.3.1 False Alarm Rates (FAR)
The false alarm rates (Fy & Fg3) desoribed in section 2.8,3 are dependent on the

system type, operating environment, maintenance environment, system design, and
fault detection and 1solatlon Implementation. Therefore a set of standards to be used
on prediction malntainabllity characteristios including FAR is not possible, A sample
of FARs exporienced on 2 nurrent systems is shown In Table 21. It should not

be construed that these are representative valuss to be used as standards,

Table 21. Examples of Experienced False Alarm Rates

e ——_—— . Smm—

FAR Type 2

FAR Type 1
Syltgf\/Equlpment . (Fip)* (Fop) **

Weapon Control System

o Radar Subsystem A1 .28

e Computer Subsystem .63 .85

e Control Sabaystem 1.82 31

e Power Subsystem .37 .66

¢ Auxiliary Subsysiem 1.31 .54
Airborne Radar System

N/A .44

e NF Unlt

*The ratio of Type 1 falwe alarms to actual fallures
**The ratio of “'ype 2 false alarms to uctu:'l, fallures

\
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Table 21. Examples of Experienced False Alarm Rates (Continued)

System/Equipment FA%“T:;‘:" ' FA&‘::)?: *2
Alrborne Radar System (cont)
e Transmitier N/A .81
e Reocelver N/A .12
e Antenna N/A .08
e Analog Prooessor N/A .07
e Digital Processor #1 N/A .86
e Digital Provessor #2 N/A B0
e Control Unit N/A .00
¢ Power and Ant, Servo N/A .34

N/A - Not Avallable

2.6.4 Mean Majntenance Man-Hours Por Operating Hour (MMH/OH)

This maintainability parameter includes the manpower that is required to main-
tain a system completely, This includes all aspects of maintenance; corrective main-
tenance, preventive malntenance, and maintgnance caused by false alarms. The
average number of maintenance man-hours expended per operating hour can be

N
MME/OH = 3, (L+Fgn) Ny MMR, + 2, F, X, MMip +
n=l

expressed as:
N
n=1
where:
'
)‘n e
Fp =
ences per hour
MM, =

d
=
]

A expressed in failures per operating hour

quantity of unique preventive maintenance types
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Y, ¥, WMWH,
r=l

frequenoy of rth preventive maintenance actlon expressed In ooourr-

maintenance man hours to perform rth preventive malntenance type
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SECTION 3.0 DATA COLLECTION

In order to provide an appropriate data base for the development of the
prediction models (primarily the regresalon equations defined in seotion 2.4.1)
73 systema/equipmenta developed by Hughos in the past ten years were surveyed.

From the surveyed aysteins, 26 were identified as possible oandidates
for extraction of data pertinent to the study. Table 22 identifies the candidate
systems and the charaoteristics, features, and data avallable from each system.
From the 26 systermns, 9 aystems were flnally selected to provide the study data
base, The crlterls for selection of the © systems was;

the systems selected must represent all possible environments (l.e.
ground, alrborne, shipboard) '

the systoma must have designed-in maintainability features for fault
detectlon and laolation

the systems must be of recent vintags, constructed with modern
packaging techniques

a maintainability annlysis and prediction must have been previously
completed on the system

malntalnabliity analysts familiar with the system muat be avallable
some form of maintalnabllity evaluation data must be avallable (e.g.
M verifloation test, M demonstration, or fleld evaluation)

The flual nine systems selected for data collection and establishment of the
study data base are denoted by an aiterisk in table 22. They are:

Ground Radar #1

Ground Radar #2

Radar Data Processor
Shipboard Radar #2
Shipboard Display System #1
Weapon Data Converter
Alrborne Radar #1

Weapon Control System
Communicatlons Terminal

Seven out of nine systems selected represent large scnle systems com-
prising & variety of equipment types and a broad scope of packaging conoepts,

('




-
—————

»

The systems selected repreaent all possible operating environments:

3 alrborne, 3 shipboard, and 3 ground. The data base is made up of approxi-
mately fifty equipments grouped into 10 functional equipment types. This ls
considered to be a representative sample for the data analysis,
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3.1 DEFINITION OF DATA COLLECTED
Data was collected on the selected syatems in three general categorles
1. physlcal data
2, malntalnability data
3. fault Isolatlon data
Data was collected at the lowest level of replacement,the RI level for the organi-
zatlonal level of repair. This was the most appropriate level to perform the data
collection, sinoe the data could then be summarized for the upper levels (equipment
and system) by simple summatlons. The following pages list and define each type of
data colleoted.
3.1.1 Physloal Data
Physiocal data Is that lnformation which defines the physioal attributes of the
hardware such as number of components, olroultry type, fallure rate, and quantlty
of replaceable ltems. Flfteen classes of physical data, as defined below, were
oollested on each of the selected systems, Included In the following definltlons (wlthin
the parentheses) 1s the variable name assoclated with each type of data that was
assigned {n the computer data bank,
e Quantlty of Ris (RIQ) the total number of replaceable items In the system
at the organlzational level
e Modular RI Qty (MRIQ) the total number of easily replaceable modules in
the system at the organizational level, Easily replaceable modules are
defined as items not hard wired In (e.g. plug-in cards).
» Qty of Active Components (ACT) the total number of active components
in each RI, Active components were defined as transistors, dlodes,
SCRas, ICs and Hybrids
e Qty of Passive Components (PAS) the total number of passive componenta
in each RI, Passive components were defined as resistors, capsacitors,
inductors, etc,
e Predicted Failure Rate (FR) the predicted failure rate of each RI. Fail-
ure rate is expressed in fatlures per 108 hours,
e Qty of Digital ICs (IC) the total number of digital ICs in each RI, This
includes 881, MSI, LSI, and memory
e Qty of Hybrids (HYB) the total number of hybrids in each RIL
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Qty of Linear ICe (LIN) the total number of linear ICs in each RI
Peroent Analog (ANA) the fraction of analog type RlIs in the equipment
(percent welghted by fallure rate, ANA 51.0)
e Percent Digital (DIG) the fraction of digital type Ris Ln the equipment
(percent welghted by fallure rate, DIG £ 1.0)
e Perocent RF (RF) the fractionof RF type Rls in the equipment (percent
welghted by fallure rate, RF 51.0)
! s e Percent P/S (PS) the fractlonof power supply type Rls in the equipment
(percent welghted by fallure rate, PS 51.0)
! J » Percent Plece Parts (PP) the fractlon of plecepart type Rla in the equipment
‘ (percent welghted by fallure rate, PP 5£1.0)
| , e Percent Alignment (ALI) the fruction of Rls that require alignment when
: replaced, (percent welghted by fallure rate, ALI 51.0)
‘ | e Percent Plug-in (PLG) the fractlonof Ris that are quickly replaced via
I

plug-ln connectors (percent weighted by fallure rate, PLG 51,0)
! 3.1,2 Fault Isolation Data
| Fault isolatlon data is that Information which defines the characteristics of the
i fault detection and isolation Implementation and capabllity., Ten classes of fault
I Isolatlon data, as defined below, were collected on each of the selected aystems,
¢ Diagnostic Blze (DIAG) the slze of the fault lsolation diagnostic program
i in terms of K computer words (6.g. 1K = 1024 words)
' o Quantity of Fault Isolation Results (QFIR) the unique number of results
| that a techniclan may observe after he runs a diagnostic program (automatic
or semi-automatioc)
. ‘ ¢ Fault Isolation Type — (automatic or semi-automatic (TYPA, TYPS) the
L v fault {solation method used to isolate a fault
" o Percent Automotic (KA) the fractlon of faults isolated automatiocally (percent

weighted by failure rate, KA ¥ 1.0)

i e Percent Semi~-automatic (K8) the fraction of faults isolated semi-automatically
! | (percent weighted by faflure rate, KS s1.0)
| - ] e Percent Manual (KM) the fraction of faults (solated manually (percent
o

!

I

welghted by fallure rate, KM = 1,0)
¢ Porcent Resolution to 1 RI (RES1) the fraction of faults isolated down to one
RI (for automatic and semi-automatic FI, RES1 = 1,0)
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o Percent Resolution to 3 RI8 or Leaa (RES3) the fraction of faults isolated
down to three Ris or less (for automatic or semi-automatic ¥I, RES 3 = 1,0)

¢ Average RI Group Size (AVG) average RI group size that faults were Iso-~
lated down to (automatic and semi-automatic only)

e Maximum R] Group (MAX) defined as the maximum RI group size in a
fault isolatfon result,

3.1.3 Maintainability Data
Maintainability data refers to the assessed MT'TR of the RIs. The MTTR is

broken down into isolation, fault correction, and checkout., Data was collected for
both predicted MTTR and demonstrated MTTR as available.
¢ MTTR (ISO) - the mean time required to isolate a fault down to a single
RI or a replaceable group of Rls, )
e MTTR (RR) - the mean time required to effect a repalr on a fault that has
been isolated.
¢ MTTR (CO) - the mean time required to verify that a fault has been repaired.
¢ MTTR (TOT) - the mean time required to return a system back to operational
status once a fault has been detected. This is just the sum of MTTRmO,

MTTR RR and MTTR co’

3.1.4 Data Collection Summary
Tables 23 thru 40 present the data that was collected and used for the correlation

analyses desoribed In section 2,4.1. The data is presented at the system and equip-
ment levels and {8 contained in two separate tables for each system. The first set
of tablea (23 through 31) provide data on the physical attributes of each system. The
second set of tables (32 through 40) summarize the maintainability and fault isolation
characteristics of each system.

The following paragraphs define the data coatained within each table type. Further
definition of some entries s provided by the definitions in section 3.1.1, 3.1.2 and

3.1.3.

" |
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PHYSICAL DATA SUMMARY (REFER TO TABLES 23 THRU 31)

EQUIP TYPE - deflnes the equipment within each system by lts generlo type.
The ten generlo codes usad were; transmitter (XMTR), recelver (RCVR),
signal processor (SP), computer (COMP), antenna/pedestal (ANT), display
console (DISP), power supply (P/S), peripheral devices (PERI), control unit
(ONTL), and ancillary equlpment (ANC),
FAIL RATE - the predlioted fallure rate of each equipment expressed in fallures
per milllon hours,
RI QTY = the number of Rls within each equlpment that are replaced by organ-
lzational malntenanoe men. A value of one usually Indicatea that the entlre
unlt ls replaced at the orgunlzétlonal level,
MODRI QTY - the number of modular Rls that are replaced at the organlzatlonal
level for erch equipment. -
Parts Quantities — the following columns deflne the total number of each part
type oontalned within each equipment: .

QTY ACTIV ~ quantlty of actlve components

QTY PASS - quantity of pawslve components

QTY I08 = quantity of digital 1Oa

QTY LIN = quantity of linenr ICs

QTY HYB =~ quantlty of hybrid olroults
Zero entriss for both QTY ACTIV and QTY PASS Indicates that no data wus
avallable for that partioular unit (usually o vendor item). The part quantities
for the digital ICs, linear IOs, and hybrid ofroults are summarized at the
sysatem level and not entered for each squipment,
Fraotlon of Fallure Rate Due to RI type - these columns define the fraotional
portion of the squlpment fallure rate assoolated with the followlng RI types:

ANAL - RIs that perform analog funotlons

DIG - Rls thut perform digital funotions

RF - RIs that perform RF (radlo {requency) funotions

P/8 = Rlu that perform power supply funotions

PP ~ Rls that were consldered plece parts (e,g. swltches)

ALIGN =« RIs that required some type of alignment when replaced

PLUQ =~ RIs that were modular or plug-in types.
T'he above entrles were based on the fallure rates of Rls of each type divided
by the total fallurc rate of the equipment,

——— - s -
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System Totals — the entries in this row provide a summation of the equip-
ment level entries for failure rate, RI quantities, part quantities, and circuit
types. Also included in this row is the environment (ENV) in which the aystem
is operated. The environments are defined as airborne (AIR), shipboard/

submarine (SEA), and ground (GRND).

MAINTAINABILITY AND FAULT ISOLATION DATA SUMMARY
(REFER TO TABLES 32 THRU 40)

o Predicted Repalr Times ~ the predicted repalr times of each equipment

180 - fault lsolatlon time

R/R - disassembly, Interchange, and reassembly time
€}/0 =~ alignment and cheokout time

TOTAL — the predicted MTTR equal to ISO + R/R + C/O

Domonstration Repalr Times ~ the demonstrated repalr times of each equipment.
Entrles {n the columna were oxtracted from available malntalnabtlity demon-

strations results.

180 - fault Isolation time

R/R = disassembly, interchange, & reanuembly time

C/0 - alignment and checkout time

TOTAL - the demonstrated MTTR equal to 180 + R/R + C/0
Fault Isolation Data ~ entries In the lollowlng columnas define the automatiolty
and feult lsolation Implementation for sach of the listed equipments. The data
presented was extracted from BIT analysea, dlagnostio program doocumentation,
and maintenance manuals for each of the systems examined.

KA - fractional portion of faults isolated automatically
K8 - fractional portion of faults {solated semi-automatically
KM-- fractional portion of faults isolated manually

The type of fault isolation is defined for each equipment by entries under the
TYPA (type of automatic FI) and TYPS (type of seni-automatic FI), The
following codes were used:

1 - computer controlled test

2 ~ status monitors

3 - operator observations/deductions FI
4 - indioator lights

5 ~ lamp test
8 — display unit callout & maintenance manual
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MAINTAINABILITY AND FAULT ISOLATION DATA SUMMARY (Continued)

e R] Resolution - these columns define the equipment fault isola‘ion capabilities
relatlve to the level of fault isolation and the amount of fault isolation data
‘ available to the malntenance technlolan,
; ; RES1 -~ {s the fraction of faults isolated to 1 RI
BRES3 ~ is the fraction of faults isolated to 3 Rls or leas,

! AVG ~ {»s the average number of Rls contained in a fault isolation output.
' ' This is equivalent to 8g deflned in section 2.4.2,3.3,2.1

FIR - is the quantity of fault isolation resulte that imolate a fault to an
! RI within the equipment.

DIAG - the size of the diegnostlc program assooliated with each equlpment
(In X words).
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3,2 MAINTENANCE CONCEPT DATA

Included as part of the data collected for this study was a definition of the main-
tenance conoepts currently followed for military electronic systems. This data was
collected to determine if (and how) the maintainability prediction model(s) and/or pre-
diction procedure is affected by different maintenanoce cunoepts,

The maintenance concepts of twelve systems were reviewed. The results of the
review indiocate that maintenance concepts can generally be defined by the type of sys-
tem (avionics, ground eleotronios, shipboard slectronics) and the maintenance environ-
ment involved. Pigure 12 shows the 7 unique maintenance environments into which
the 12 systems reviewed were ocategorized, The maintenance concept associated with
each of the 7 environments are defined in Tables 41 through 43.

The tables are segregated by type of system and provide the following information:

1, Installation — The environment in which the system is installed and operates

and generally (excepting small airoraft) where the organizational level mainte-

nanoe is performed,

2, Maintenance Level_— The levels at which maintenance is performed.

3. F.D. Type — The primary method of fault detection, In all cases Built in Test

oapability was the primary method,

4. F.I, Type - The primary method of fault isolation at the lndlc'ated maintenance

level, Deflned as automatio (A), SBemi-automatio (8), Mamal (M), or combination

thereol,

6. Repair Level ~ The hardwere level at which repair is performed for the sub-

jeot maintenance level,

6. R/R Level — The type(s) of replaceable items typically removed at the subject

maintenance level,

7. Repair Looation— The looation at which the repair is ecocomplished for the

subject maintepance level,

8, Sources - The system(s) from which the defined maintenance conoept was

extracted. The service organization associated with each system s identified in

parenthesis.

In general the maintenance concepls reviewed do not impair the developed main-
talnabllity pi‘edlotton models or procedures. An impact could be realized ff logistic
delays were defined as part of the MT'TR. In this case the model would have to
account for the operating location, the repalr looatlon, the type of transportation, the
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availability of spares, eto, These factors are not considered pertinent to inherent
malntainability and are not addressed in this report.

One maintenance factor that does affect a system's maintenunce time is the repalr
policy. If the tault isolation capability isolates a fault to a group of RIs (vice a single
RY), therc are two paths a maintenunce technician can follow. One, he could replace
pll the Rls in the group, or he could replace the RIs one by one until the fault has been
corrected. The detalled predioctlon model accounts for the repalir polloy {n the maln-
tenance flow dlagram and the asslgnment of Knj (refer to seotlon 5,1.6), For the
early prediction procedure, the prediotlon models used for apare retrieval time,
digassombly/reassembly time, interchange time, and checkout time vary depending
ont the ropalr policy (refer to section 5.2.4).

Table 44 suminarizes the repair policlee for each system reviewed.

MAINTENANCE
CONCEPTS
| 1
GROUND NAVAL
AVIONIC ELECTRONIC ELECTHONIC
LARGK
AIRCRAFT MOBILE SHIPBOARD
® COMMUNICATIONS ® GUROUND ® SHIPBOARD
TERMINAL, RADAR NO. 1 RADAR NO. 2
¢ GROUND 8 ELECTRONIC
RADAR NO, 2 WARFARE
SYSTEM NO. |
SMALL. * SHIPBOARD
AIRCRAFT DISPLAY
SYSTEM NO. |
¢ AIRBORNE FIXED SITE
RADAR NO, 1
8 WEAPON CON- ® COMMUTER
TROL S5YSTEM SUBMARINE
® WEAPON DATA
" CONVERTER
THANSPORTARLE o CONVERTES
TRROARDNTA DISPLAY NO. 2
PROCESSORN

o1-98528

Figure 12, Categorization of Maintenance Concepts for Surveyed Systems
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TABLE 44. REPLACEMENT POLICIES OF THE SYSTEMS REVIEWED

Group Iterative

System RI Replacement RI Replacement
Ground Radar #1 *
Ground Radar #2 »
Radar Data Processor "
Shipboard Radar #2
Electronic Warfare #2
Shipboard Display #2 *
Alrborne Radar #1
Communications Terminal
Shipboard Display #1 *
Weapon Data Converter "
Waapon Control w”
Computer *
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SECTION 4.0 TIMES STANDARDS

This part of the final report addresses the time standards survey and modification
task, The time standards taek was part of the basic atudy contract but is treated as a
separate entity becaume of its relative independence from the remainder of the atudy.
The task is an integral part of the study however, as the resulting time standards are
used as inputs ln computing disassembly, Interchange, and reassembly times for the
corrective malntenance time predictions, The objective was to perform an inves-
tigation and survey of all available time standarda (appropriate to measures of physical
actions required to correct an electronio equipment malfunotion), and to determine
those most appropriate to modern era designs and packaging concepts, A further
objective was to astablish a composite set of time standards using existing standards
und modified standards as appropriate or, where existing standards do not exist,
catablish new standards, An additional objestive was to identify time standards differ-
ances for avionics, ground cleotronics and shipboard elevtronics and to develop appro-
priate malnlenance environment factors,

The approach used to accomplish the stated objectives was:

1) Survey existing maintenance time standarde

2) Examine all tasks associated with corrective maintenance and determine
which are appropriate candidates for tltne standardization.

3) Where applicable, correlate time standardization candidates with exlsting
time standards

4) For remaining time standardization candidates, collest sufficient data to
assess and assign an appropri.t. siandard -ime

B) Analyze data collected to vallidate results

6) Develop factors to be used in conjunction with the time standards which will
provide appropriate consideration for different maintenance environments,

Preceding page blank
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4.1 TIME STANDARDS SURVEY

An extensive literature search was performed to find existing data on maintenance
time standards. The primary sources used for this literature search were:

1. Defense Documentation Center (DDC)

2, NABA Solentific and Technioal Information Division

3. Hughes Aircraft Technioal Library

The results showed that there have been many times standards developed to date
but few ure upplionable to malntainability prediotion, The majority of standards have
been prepared for industrial time standards or by the human factors community for
respanse/renction type analyses, but these could not be applied to correotive mainte-
nange aotions, ‘T'able 46 summarizes the results of the literature search.

After reviewlng the maintenance time atandards avallable, it was concluded that
the nost complete and current standards available wers inoluded in RADC-TR-70-88
(Maintainability Prediotion and Demonstration Technigues). This data was therefore
used us the busis for the set of tima standards presented herein,
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4.2 PHYSICAL TASK ANALYSIS
The objective of this task was to determine what maintenance aotions could be
standardized, Also, of these maintenance actions, which ones were not already tabu-

lated in Maintainability Prediotion and Demonstration Techniques, RADC-TR-70-88.

Thie task was accomplished by reviewing the maintenance procedures and avail-

able technical manuals of the systema seleated for use in the study,
aotions were screened in the following manner,
tasks were identified and tabulated.

The maintenance
First, all the unique physical type
Second, an assessment was made of the feasi-~

bility of establishing a time standard in the identifled tasks. The final step was to
determine whether a tiine atandard existed and was applicable.

Table 46 s a listing of the unique tasks that were identified. The table also

shows which tasks are considered viable candidates for standardization and which tasks

have an existing applicable time standard,

TABLE 46, PHYBICAL TASK ANALYSIS
Time Time
Btandard | Time Standard [ Time
Applioc~ | Standard Applio~ | Standard
Task Desoription able Exists Task Denoription able Exlats
Lubrication No R/R olroult oard Yes Yes
Run computer No assembly (OCA)
diagnostio R/R blower fan No
Check power supply No R/R power supply No
voltage with meterl R/R screws/bolts Yes Yos
Adjust su N .
voljt:sgepower s ° R/R panels Yon Yes
Visual inspection No Identify components No
Ohserve indicators No R/R connectors Yos Yes
Type in test No R/R snap fasteners Yes No
sequencesd R/R nuts Yes Yeon
Load fault {solation No Solder Yen Yes
program Desolder Yes Yes
Actuate a switch Yes No Engage/disengage Yes Yes
Interpret display No latoches
vesults Open/close doors Yes Yos
R/R fuse Yes No

Notes R/R = Remove and Replace




TABLE 46, PHYSICAL TASK ANAL YSIS (Continued)

Time Timo
Standard Time Standard Time
Applic~ | Standard Applic- | Standard

Task Desoription able Exists Task Description able Exists
R/R control knobs Yes Yes Apply soldering paste| Yes No
R/R 1/4 turn latches | Yes Yes R/R epoxy Yos No
R/R hent sink Yes No R/R of axlal com- Yes No
compound ponent from CCA

Loogen/tighten set Yes No R/R of transistors Yas Yes
Borowse from CCA

R/R flex coupling Yos No R/R 1C flatpacks Yos No
R/R lamps Yes No from CCA

Observe LED No g(/:i of IC DIPs from Yes No
indicators

R/R cable olamps Yeos No E((fkgfglo DIPs from | Yes No
R/R TWT No R/R of relays No

R/R oable tles Yes No Replace coolant No

R/R semi-rigld conx |  Yes No Clean air filter No

Iorqu:o bolts :c:wn Yen No Adjust pots No

lign boresig No

telescope Lubrioate bearings No

R/R retalning rings Yes No &%’l:::&::“lt No

Level trajler with No

level jacks Initiate built in test No

R/R quick release Yes No Interpret BIT results No

pins Connect RI to test No

Observe waveforms No equipment

Compure waveforms No R/R ATR latches Yes No
with manual R/R butterfly latches | Yes No
Adjust trimmers No R/R Tridair fasteners| Yes No
Repalr scratched No R/R snap on Yes No
or gouged etch (PCB) connectors

R/R conformal Yes No R/R wirewrap Yes No
coating conneoctions

Clean surface of Yes No R/R termipoint Yes No
CCA connections

R/R orimp-on Yes No
terminal lug
Note: R/R = Remove and Replace
117
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TABLE 46. PHYSICAL TASK ANALYSIS (Continued)

able Exists |

Time Time
Standard | Time Standard| Time |
Applio~ | Btandard Applio~ | Standard
Tamsk Description able Exista Task Demoription
R/R CCA w/tool Yes No
R/R CCA w/jack Yes No
8Crew
R/R oonnaectors Yes No
w/)ack sorew
Note: R/R = Remove and replace
118
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4.3 DATA COLLECTION

For those items identified in the previous section ag candidates for agsignment of
standard times, without avajlable existing standards, a data colloction effort was
undertaken. Data was collected on an as~available basis from sources spproximating
a true maintenance environment, Data was not collected by using formal testing proce-
dures, or from manufacturing/agsembly areas, on the basis that any data collected
would not be representative of a maintenance environment. Data was collected from
the following sources:

1) Hupghes IRAN (inspect and repalr as necessary) shops

2) Hughes depot facilities

3) Repairs accomplished in Hughes rework arens

4) Repalrs aocomplished on installed equipment as reported in failure/

maintenance reports.

It was found that the data colleoted on fallure reports was not provided to the level
required and this data was disoarded,

For the data colleoted, a goal of twenty samples for each unique task was estab-
lished. The aotual data collected was a function of sample avallability, For each
sample, the following information was recorded:

1) The appropriate task(s) to which the data applied

2) The quantity of actions (i more than a single action of the same type was

aoccomplished)

3) The elapsed time for removal, replacement and/or total task accomplishment

4) Remurks {e.g. speclal tools required, fixtures roquired).

The total set of data oollected im provided 1n Appendix D,
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4,4 DATA ANALYSIS

The data collected for establishment of time standards was analyzed in two ways.
First, the raw dita was examined to define the sample mean, variance and distribu-
tlon characteristics for euch tusk type. Secondly un analysis was performed to estab-
lish confidence bounds on the data colleoted based on the sample size of each task.
4.4.1 Histogram Analysis

The raw data was evaluated to determine the sample moah (8), standard deviation
(o), and apparent distribution of each task type. The mean and standard deviation

were compiled from:

P ——

¢=JN2(*|2) - (z:t)2
: N

where
t:i = obsgerved timo for the ith sample

The apparent distribution of the raw duta, by task type, was determined using a
somputer program to plot a histogram of the data, The plots were made to determine
the rolative shape of the distributions and the modal characteristics. The plots were
expoocted to be unimodal with a normal or log normal shape, Multimodal diatributions,
if they had occurred, would have beenindioative of bad raw data or the need for further
analysis., Figure 18 shows the histogrnm for one set of data. As shown, the distri-
bution {s unimodnl, nnd looks like u log normal distribution. Most of the collected data
sets exhibited an appurent normal or lognormal distribution.

4.4,2 Confidence Fgtimates

[n order to ussure that the means computed from the data collected were good esti-
mates of the true means un anulysis of the confidence hounds was performed. From the

previous section, the distribution of each set of data collected wns assumed lognormal,

A random sample of twenty data sets was selected and the moean (i) and standard devia-

tion () of the logarithms of sach data set were computed, The quotiont o /u for each

data set was determined, and the average o/i was computed for the entire random sample.

The computed average was, o/p = 0,134,
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SAMPLE DISTRIBUTION OF DATA COLLECTED FOR INSER TING
MP G INTO SOCKETS

o DATA POINT5
7.8 7.8
8.9 6.2
é 13.0 8.2
> 16~ 8.0 6.8
& 13.4 7.0
I 10.4 8o
2 8 = 033 35ECONDS 8.8 5.0
w ¢ = 2,63 3ECONDS 9.0 8.2
2 124 8.8 | 110
E 10.8 6.4
14,8 .4
8.0 8.0
110 1.8
8.9 6.0
W 8- 11.9 2.0
° 5.8 8.0
g 7.0 70
9.8 7.8
8.4 va
i 6.6 6.0
ol L1 1
0 4 ] ] 10 12 14 16 18t

TIME {SEC)

1I-8962e

Figure 13, Sample Histogram of Data Collected

"The computed average was then used in the following equation to determine the

approximate confidenoo bound for various sumple slzes:
confidence limit =~ anttlog (u '+ o T/ Y'N)*

where:

N = sample size

¢ = the sample mean

v = the sumple standnrd deviation

T = the 0.975 quantilo of the t-distribution with N-1 degrees of freedom

The nnalysis was performed using logorithms (e.g. the antllog of each computed
confidence limit was not taken) since the analysis was performed with qualitative data
(e.g. o/u as a ratio with respect to u, instead of notual numbers).

‘The rosults shown in Table 47 show that the goal of twenty samples for each data
set gives a good approximation of the true mean und that a sample size of ten also

gives a good approximailon. 121




TABLE 47. VARIATIONS IN THE 98TH PERCENTILE
CONFIDENCE BOUNDS DUE TO THE BAMPLE SIZE

Bumple Bize of Confidenoe*

Sine.

Interval

6
10
18
20
a8
30
a5
40

0.30u
0.18u
0.14u
0.1
0.11u
0.10p
0.08u
0.08u

* Thens computed values are bused on & @/u = 0. 134 detormined trom u random
sample of twanty data sets. Also the confidence interval sise I presentad in
tayms of log1 o #ince the interval aize varies at different portions of a

fogmorimal axiw,

4.6 TIME STANDARDS

The results of the time standarda survey and modifioation have been tabulated in

Table 48. 'The times tabulated in Table 48 have corresponding figures reforenced

which lllustrate what each tlme reprements. In addition to the hasic time standards,

table 49 contains composite times of common maintenance actions that may ocour.
The times tabulated in this table were synthesized from table 48, Columns two and

four of table 49 denote which times of table 48 were used to synthesize each activity

(letters denote removal (A) and replacement (B) times).
Other malntenance tasks can easily be synthesized by the following method.

1. list the aotions {nvolved for the maintenance task
2. obtain the timea for erch nctlon by using table 48 (times that are not listed

should be established either by actual data, time studles, or engineering

judgemeoent)

3, compute the time by summing up each individual time
The following is an example of how the procedure is implem: nted:
REMOVAL/RUPLACEMENT OF A 16 PIN DIP I

Quantitity Unlt Time Total Time

o denolder lowds 16 0,18 min, 2,58 min,
e removu 18 pin IQ 1 0.90 0.90
® olsan OB 1 0,20 0,39
o insert now IO 1 0,88 0,H8
® solder 16 pina 18 0,08 0.06
® olip lends 18 0,08 0,48
e clean POB 1 0,20 0,20

8,34 min,

*See Rellabllity Engineering, Arinc Research Corporation 1964, pages 165-166
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_TABLE 48. ELEMENTAL MAINTENANCE ACTIONS

Standard Times B

Stggg:i*d A-Ramove Replace | Interchange Reference
Number Description {min.) {min,) {min,) Figure
FASTENERS
Standard Screws 0.16 0.26 0.42 14
2 Hex or Allen Type 5 1 1
Sorews 0.7 0.43 0.60 16
' 3 | Captive Sorews 0.161 | 0.20? 0,351 16
. 4 Dzus (1/4 'Turnlook) 0,08 0.05 0,13 17
i 5 Tridair Fasteners 0,08 ©.08 0,12 18
o ¢ | Thumbsorews 0,08 | 0,08} 0.141 19
: 7 Machine Sorews 0.21 0.48 0.67 20
ﬂ : 8 Nuts or Bolts 0.34 0.44 0.78 21
P l ) Rotaining Rings NA 0,27 NA 22
v LATCHES
| 10 | Drawhook 0,03 0.03 0,08 23
i : 11 Spring Clip 0.04 0.03 0,07 24
‘ ! 12 Butterfly 0.05 0.08 0.10 25
. | 13 ATR (spring loaded,
| pair) 0.45 0.89 1,14 26
! ’ 14 | Lift & Turn 0,03 | 0.04 0,07 27
15 Slide Lock NA NA NA 28
| TERMINAL
i CONNECTIONS
' i 18 Torminal Posts
N (per load) 0.22 0.64 * 29
} 17 Sorow Terminals 0,23 0,46 0.88 30
i , 18 Termipoint 0.22 0.30 * 31
i . 1 19 | Wirewrap 0.09 1,24 * 32
. 1 20 | Taperpin 0,072 | 0,072 0,142 a8
|
|
i
123
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'TABLE 48. ELEMENTAL MAINTENANCE ACTIONS (Contlnued)

Standard Times

Time
Standard Remove | Replace | Interchange Reference
Number| Desoription (min,) {min,) (min,) Figure
TERMINAL
CONNECTIONS (cont.)
21 PCB &) Disoretes 0.143 | 0.178 * 34
22 b) Flatpacks 0.14% |0,1.% per| * 34
per lead |flatpack
¢) DIP ICs
23 ¢ 8 pin 0.463 | 0,528 * 34
*14 & 16 0.00% | 0,86% * 34
pin
CONNECTORS
25 BNC (single pin) 0.07 0.10 0.1% 36
28 BNC (multi pln) 0,07 | 0.12 0.19 36
27 Quick Relense Conx 0.04 0.04 0.08 38
28 Friction Locking NA NA NA a7
29 Friction Locking with
one Jack Sorew .18 0.20 0.48 38
30 Thread Locking 0.09 0.17 0.28 39
31 Slide Locking 0.09 0,12 0.21 40
PLUG IN
MODULES
32 DIP ICe (into
DIP sockets) 0.07 0.14 0.21 41
CCAs (without tool)
(guided)
¢ 40 pin NA NA NA 42
33 e 80 pin 0.04 0.07 0.11 42
CCAs (with tool)
(guided)
34 e 40 pin 0.086 0,07 0.13 43
3h ¢ 80 pin 0,09 0,08 0,17 43
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TABLE 48, ELEMENTAL MAINTENANCE ACTIONS (Continued)

Time Standard Time
Standard Remove | Replace | Interchange Reference .
Number | Desoription (min) {min.,) (min,) Figure
o PLUG IN
: , MODULES (cont, )
b _ CCAs (without tool) ’
', . (not guided)
L ® 40 pin NA NA NA 44 (
! ' 36 ¢ 80 pin 0.04 0.16 0.20 44 |
1! a7 Modules 0.09 0. 11 0.20 45 :
E MISCELLANEOUS
! 38 | Strip Wire - - 0,10 -
39 Out Wire of Sleeving - - 0.04 -
‘ 40 Dress Wire with
1 Sleeying - - 0.21 -
i 41 Crimp Lugs - - 0.27 48
; 42 Form leads (per
lead) - - 0,03 41
| 43 Trim Leads (per
| lead) - - 0;03 -
j 44  |Adhestves 0.55% | 0.134 0.68% -
46 | Conformal Coating 2,20 | 0,284 2,43¢ -
. 46 Soldering A) Terminal
I l POBtB -_ — 0022 48
; 47 B) PCB - - 0.08 49
oy 48 Reflow Soldering - - 0.25 - !
e 49 Tinning Flatpacks !
(dipping) - - 0.30 - i
’ f 60 Desoldering A) Braided - IS 0.16 60 '
I, Wick "
l 51 B) Solder | - - 0.09 b1 !
" { Sucker |
[ 62 Form Flatpack leads | - - 0.11 62 I
! (Mechanloally) _ _ 0.29% - |
i l. 53 Clean Surface | :
[ 5¢ | Panels, Doors, & 0,04 0.08 0.07 53 |
! Covers
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TABLE 48. ELEMENTAL MAINTENANCE ACTIONS (Continued)

Time Standard Time
Standard Remove | Replace | Interchange Reference
Number| Desoription (min,) (min,) (min,) Flgury
MISCELLANEOUSR
(cont.)
56 Drawers (Large) 0,09 0.10 0,19 54
86 Diaplay Lampe 0,10 0.11 0.21 56
67 Threaded Connector
0 . 1 1 0 . 14 0 . 25 -

Covers

1, data obtained from RADC-TR-70-89, Maintainabllity Prediction pnd

Lemonstration Techniques
2, data obtained from Hartmeyer, F.C., Elgctronic Indugtry Cost

Estimating Data

3. does not Include soldering/desoldering
4, these tlmes apply to small areas

NA - no data available

* {indicaies that other t{imes are involved (n the {nterchange aoctivity
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STANDARD SCREWS
¢ THIS TIME 1% FOR ALL STANDARD THREADED FASTENERS
l\éC%ASI SLOTTED HEAD, PHRILLIPS HEAD, AND FILLISTER

¢ THE TIME GIVEN |8 THE TIME REQUIRED TO RIMOV

REPLACE THE FASTENER FROM THE HOLE AND DI!INGAGE/

OR ENGAGE IT 8Y SEVERAL TWISTING MOTIONS OF THE

HAND (APPROXIMATELY & TWISTS)

TOOL REQUIRED 18 STANDARD SCREWDRIVER (FLAT HEAD,
)

b
e
—

Z1-8852%8

Figure 14, Sundard Screws

HEX OR ALLEN BET SCREWS

& THIS TIME IS FOR HEX OR ALLEN TYDPE
SET SCHEWS

¢ THE TIME GIVEN {SFOR THE YIME TO TIGHTEN/
OR LOOSEN A HEXAGONAL TYPE SET SCTREW
USING AN ALLEN TYPE WRENCH

® TOOLS REQUIRED ARE HEX WRENCHES OR
ALLEN TYPE WRENCHES

£T-8852R

Figure 18, Hex or Allen Sot Screws
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CAPTIVE SCREWS

® THIB IS THE TIME FOR STANDARL FASTENERS
THAT ARK CAPTIVE TO THE PANEL/BRACKET
THLY SECURE

¢ THE TIME GIVEN FOR THIS ACTION INCLUDKRS
THE TIME TO ENOAGE/OR DISKENGAGE THE FASTENER
BY A SERIES OF TWISTING MOTIONS WITH THE HAND

¢ THE TOOL REQUIRED 15 A STANDARD RCREWI RIVER
{(FLATHEAD, PHILLIPS OR HEX)

r[-88528

Figure 16, Captive Screws

LY FASTENEN

o THIS TIME IS FOR FASTENERS THAT REQUIHE ONLY

A /A TURN TQ ENGACE OR DISENGAGK (FASTENER

18 CAPTIVE)

THE TIME GIVEN I8 THE TIME REQUIRED TO ENGAGE

OR DISENGAGE THE FASTENER BY A 1/4 TWIST MO.

TION OF THE HAND

® THE TOOL REQUIRKED IS A STANDARD SCREWDRIVER
(FLATHRAD, PHILLIPS OR HEX)

Figure 17. DZUS Fasteners
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& THIB FABTENKR I8 A QUICK INGAGING FASTRNER
THAT REQUIRES LENS THANONE T
o THIS TIME INCLUDES THE TIME NIOIIIARV TO0
ENGAGE/GR D|SENGAGE THK FASTENER USING A
TURN OF THE HAND

¢ THE TOOL REQUIRKD I8 AN ALLEN WRENCH

Sl-eesZs

Figure 18, Tridair Fastener

MBSCREWS
THII FASTENER IS A THREADED SCREW WITH A HEAD
THAT CAN BE GRASPED EASILY BY THE HAND

THIB TIME INCLUOES THE TIME NECLSSARY TO DISEN:
tjagh/:':DINﬂAG! THE FASTENER Y TURNING IT WITH
T

NO TOOLS REQUIRED

LT-885T8

Figure 19. Thumbscrews
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MACHINE SCREWS (WITH NUT)

® THISEFASTENER IS ANY THAEADKD FASTENER THAT
DOER NOTY TAP INTO THE STRUCTURK, INSTEAD IT
ENGAGKS INTO A LLOOSE NUT

® THIS TIME INCLUDES THE TIME TO RIMOVKIOR PO
TION THE FASTENER AND NUT AND THE TiM
REQUIRED TO TIGHTEN THE FASTENER

® TOOLS REQUIRED ARE A SCREWDRIVER AND A WRENCH

21-29528

Figure 20, Machine Screws

I

!
I

NUTS ORBOLTS

® ANY FARTRNER YHAT REQUIRES A WRENCH
T0 TIGHTEN IT DOWN

¢ THIS TIME INCLUDES THE TIME NECESSARY TO
POSITION THE WRENCH AND ENGAGE/OR DISEN.
UAGE THEE FASTENLR

AN %

N
RN Y

Vigure 21, Nuts or Bolts
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RETAINING RiNGS
¢ THI$ DEVICE |83 A UM §HAPRD PIRCE OF MlTAL THAT
RETAINS A UNIT/COMPONENT IN POSITIO
L] THI TIME GIVEN INCLUDKS THE TIMK NICIIIARV TO
GAGE/OR DISENGAGE THIS FABTENKR
L INCML PLIERS AREAKEQUIRED TO RKMOVE/RERLACE
THIS FASTENER

gz-gesee

Figure 22, Retaining Rings

DRAWHOOK LATCH

& ANY LATCH THAT 13 SIMILAR TO THE ONE
SHOWN

¢ THE TIME INCLUDKES THE TIME TO ENGAGE/
DISENGAGE THE LATCH COMPLETELY

¢ NQ TOOLS REQUIRED

Figure 23. Drawhook Latch
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SPRING CLIP CATCH

8 ANY LATCH SIMILAR TO THK ONE SHOWN

® TIME INCLUDES THE TIME NECEBSARY TO
ENGAGE/OR DISENGAGE THE LATCH COM.
PLETELY

& NO TOOLS REQUIRED

zZz-ees2e

Figure 24, Spring Clif Catch

BUTTORFLY LATCH

® ANY LATCH BIMILAR TO THE ONE SHOWN

¢ TIME INCLUDES THE NECESSAHY TIME TO ENGAGE
OH DISKNGAGE THE LATCH COMPLETELY, NORMAL.
LY CONBISTS OF LIFTING THE TAK AND TURNING IT

& NO TOOLS REQUIRED

Figure 28, Bucterfly Latch

ATRLATCH

® ANY LATCH SIMILAR TO THE UNE SHOWN

& TIME (NCLUDES THE TIME MECESSARY TO (INSCREW/
OR SCRAKW THE CAP OVER THIE NI TO ENGAGE/OR DiS.
ENGAGE THE SECURED UNIT. THE TIME GIVEN |4 FOR
A PAIR OF ATR LATCHES.

8 NO TOOLS REQUIRED,

¥Z-98SC8

Figure 26. ATR Latch

133

~

SN PO PR SN




—r————

- g e e - . ) o

LIET AND TURN LATCH \/
® ANV LATCH SIMILAR TO THE ONE SHOWN Q

® TIME INCLUDES THE TIME NECKESSARY TO LIFT THE
HANDLE AND TURN IT TO UNSECURE OR BECURE A
QOOR OR PANKL

® NO TODLS REQUIRED

GZ-RESTR

Figure 27. Lift and Turn Latch

SLILE LOCK LATCH

® ANY LATCH BIMILAR TO THE ONE SHOWN

¢ THE TIME GIVEN IS THE TIME NECESSARY TD
SLIDE THE LOCKING DIVICI TO ENGQAGE/OR
DISENGAQE THE PAN

® NOTODLS H!Q\JIRED

Figure 28, S$lide Lock Latch

TERMINAL POSTS
® ANY TERMINAL CONNECTION SIMILAR TO THE ONES
SHOWN

® THIS TIME I3 THE TIME REQUIRED TO REMOVE OR
REPLACK A LEAD FFOM A TERMINAL (DOESNOT
INCLUDE BOLDERING OR DESOLDERING)

® NEEDLE NOSE PLIERS ARR REQUIRED FOR THIS TASK

— R

21Z-99SCR

Figure 29, Terminal Posts Connections
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SCREW TERMINALSY

ANY TERMINAL CONNLCTION SIMILAR TO THE
ONE SHOWN

THE TIME GIVEN I8 THE TIME REQUIRED TO
HEMOVE/QOR POSITION THE TERMINAL LUG AND
LOOSEN/OH TIGHTEN THE SCREW

A SCREWDHRIVER {18 REQUIRED

2Z-2952%8

Figure 30, Screw Terminal Connections

do .
- y‘
TEAMIBOINT CONNECTIONS. ;
o ANY TERMIANL CONNECTION SIMILAR TO (HE

ONE SHOWN

o THIS TIME IS THE TIME YO REMOVE THE CLIP
WITH A PICK OR TWENZ2ERS AND THE 'TIME TO
REPLACE THE CLIPWITH A TERMIPOINT GUN

® TOOLS REQUINED ARE TWEEZERS, OR A PICK,
AND A TERMIPOINT QUN

6Z-835TR

Figure 31, Termipoint Connection
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WIREWRAP

ANY TERMINAL CONNECTION SIMILAR TO THE ONE SHOWN
THE TIMES GIVEN ARE TO REPLACE THE WIREWRAPWITH
AWIREWRAP QUN AND TO REMOVE THE CONNECTION WITH
AN UNWRAPPING TOOL
® TOOLS REQUIRED ARE A WIREWRAP GUN AND AN UNWRAP:

0c-98sZ%

PING TOOWL
Figure 32, Wirewrap Connection
TARERAIN
% ANY TERMINAL CONNECTION SIMILAR TO THE ONE SHOWN
¢ THE rIME GIVEN |$ THR TI"IE REQUIRED TO UNPLUG MATE
OR DKMATE THx CONNECTOR
¢ NO TOOL REQUIRED

1£-8952%

Figure 33. Taperpin Connection

Pch
® ANY TEHMINAL CONNECTED DIRECTLY 10O
THE BPRINTED CIRCUITRY OF A CIRCUIT CARD

¢ PHE TIME G{VEN I3 THE TIME RKQUIRED TO REMOVE OR
REPLACE A LEAD FROM THE PCB (NO SOLDERING OR DE.
SOLDERING TIME)

® THE TOOLS REQUIRED ARE A PICK OR NEERLENOSE PLIERS

N~

,1' ’

Figure 34, PCB Connections
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BNC CONNECTORS
® ANY CONNECTOR THAT HAS A BAYONET LOOK /NG DEVICE
® TIMES GIVEN ARE FOR MATING/OEMATING THE CONNECTORS
BY A TWISTING MOTION
¢ NO TOOLS REQUIRED @
Figure 35. BNC Connectors
o0
¢
1.3
?
: 8
QUICRK EELEAEE COAX CONNECTORS
% ANY COAX CONNECTOR THAT ENGAGES OR DISENGAGES
#Y A PUSH GR RULL MOTION
e TIMES QIVEN ARE FOR DEMATING/MATING THE CONNECT:
ORS BY A PULLING OR PUSHING MOTION
# NOTOOLS REQUIRED :!
Figure 36. Quick Release Coax Connectors
]
&
-]
L
W
v

FRICTION LOCKING CONNECTORS

& ANY CONNECTOR THAT IS MATED AND SECURED
8Y THE FRICTION OF THE PINS AND/OR CONNECTOR
CASE

¢ THE TIME GIVEN IS THE TIME NECESSARY Y0 MATE
OR NEMATE THESE CONNECTOR TYPES

¢ NO TOOLS REQUIRED

Figure 37. Friction Locking Connector
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ERICTION NG GON ORWITHJ g
® ANY FRICTION LOCKING CONNECTQR THAT 15 SECURED BY
A JACKSCREW

® THE TIME GIVEN I§ THE TIME NECESSARY TO DEMATE/MATE
IH:E(;.NDNNECTDR BY DISENGAGING/ENGAGING THE JACK:
C

® ASCREWDRIVER [§ REQUIRED ‘

Lo Figure 38. Friction Locking Connector with Juckscrew

|

|

]l . THREADLOCKING CONNEGTOR

| ® ANY CONNECTIR THAT i3 SECURED BY A

. THREADED CONNECTOR SHELL

[ ¢ THE TIME GIVEN IS FOR THE DEMATING/MATING
|

|

"

OF THE CONNECTOR AND THE SECURING/UNSECUR.
ING OF IT BY A TURNING MOTION

& NO TOOLS REQUIRED

Figure 39. Threadlocking Connector

fc-eucee

SLIDE LOCKING CONNECTOR

& ANY CONNECTOR THAT I8 SECURED 8Y A SLIDE LOCK

N ¢ THE TIME GIVEN IS THE TIME IEQUIRED TO MATE/DEMATE
’ THE CONNECTOR AND ENGAGE/DISENGAGE THE SLIDE LOCK

& NOTOOLS REQUIRED

Figure 40. Slide Locking Connector
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DIRICS

i

} ® THIS INCLUDES ANY DIP 1T 1HAT iS5 SECURED IN
A DIPSOCKET

® THE TIME GIVEN I$ THE TIME REQUIKED TO UNPLUG
OR PLUG IN THE DIP IC

® NO TODLS REQUIKED

QUIDED CCAs
L] SN?‘]'?UII')LU CCA THAT 15 INSERTED/REMOVED BY
7\

& THE Fine IvEN IS THE FIME TO BULL OUT OR
r PUSHEIN VIR GUA
® NUTOOLY REQUIRED

| Figure 42. Guided CCAu

ir-8852Z8

GUIDELD CCASWITH A 1O0L

8 THI5 TIME IS ASSOCIATED WITH ANY CUA THAT
1S INSERTED/REMOVEL WITH A CARI EXTRACT-
ING TOOL.

THIS TIME INGLUDES THE TIME REQUIREL 10
POSITION THE TOOL AND REMUVE/HEMACE
THE CCA

¥ ACARD EXTHACTING 0 0 PF Uy

—
Ll

Figure 44 Guided LA with a Tool

v




NON.GUIDED CCA

® THIE TIME 1S ASSOCIATED WITH PLUG-IN CARDY
THAT ARK NOT GUIDED

¢ THIS FIMK INCLUDES THE 1'IME NECESBARY TO
REMOVE/REPLACE THE CCA FROM THE EDGE
CONNECTOR (DOES NOT INCLUDE TIME FOR
FASTENERS)

® NOTOOLS REQUIRED

Zy88SCy .

Figure 44. Non-Guided CCAs

MODULES
[ ]

THIS |8 THE TIME ASSOCIATED WITH REMOVING OR POSI-
TIONING A MODULAR ASSEMBLY

THIS TIME I8 THE TIME NECESSARY TQ REMOVE THE MOD-
ULE ORPOSITION I'T IN PLACE

NO TOOLS REQUIRED

Figure 45, Modules

CRIMP LUGS
® THIS IS THE TIME ABSOCIATED WITH BECURING A TERMINAL
LUG TO A WIRL

® THE TIME GIVEN INCLUDES THE TIME TO POSITION THE
WIRE IN THE LUG AND CRIMP IT

® A CRIMPING TOOL OR PLIERS I8 REQUIRED

Figure 46, Crimp Lugs
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FORM LEADS

L] THII |$ THE TIME ASSOCIATED WITH FORMING A
LEAD ON A COMPONENT PRIOR TO CONNECTING
IT YO A TEAMINAL
® THE TIME QIVEN IS THE TIME NLCKSSARY TO GRASP
THE LEAD WITH THE PLIERS AND FORM IT
o NERDLE NOSK PLIERS ARE REQUIRED \

Sy-88S2E

Figure 47. Form Leads

SOLDERING TERMINAL PORTS /
® THE TIME ASSOCIATED WITH SOLDERING A LEAD TO 7
A TERAMINAL POST

® THE TIME GIVEN I8 THE TIME TO HEAT THE TERMINAL N /
BOST AND APPLY THE SOLDER

¢ ASOLDERING IRON I3 REQUIRED

Figure 48, Soldering Terminal Posts

SOL.OERING PCH CONNECTIONS

® THE TIME ASSOCIATED WITHSOLDERING A LEAD
T0 A Bc8 ETCHING

¢ THE TIMK GIVEN I8 THE TIME TO HEAT THE ETCHING
PAD AND APPLY THE SOLDER

® ASOLDERING IRON IS REQUIRED

Ly-985C%

Figure 49, Soldering PCB Connections
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DESOLOEAING USING A BRAIDED WIGK

& THE TIME ASSOCIATED WITH DESOLDERING A CONNECTION USING
A BRAIDED COPPER WICK

¢ THE TIME GIVEN (8 THE TIME TO REHEAT THE SOLDER AND EXTRACT
IT FROM THE PCB OR TERMINAL USING A BRAIDED COPPER WICK

® ASOLDERING IRON AND BRAIDRED LOPPER WICK ARE REQUIRED

Figure 30, Desoldering with a Braided Wick

OEJOLDERING USING A VASUUM

® JTHK TIME ASSOCIATED WITH DESOLDERING A CONNRUTION
USING A VACUUM ASBISTED DESOLDERING |

® THE TIME QIVEN 13 THE TIME REQUIRED TO IIIHIAT AND
AND "SUCK.UP" THI

30LDE CP
o 4 DESOLDERING IRON 13 REQUIRED ‘ — f-g?__

FORAM FLAT PACK LEADS

* THE T1IME ASBOCIATED WITH FORMING FLATPACK LEADS USING A
MECHANICALLY OPERATED DIK

¢ THETIME GIVEN I8 THE TIME REQUIRED TO POSITION THE FLATPACK
AND ACTUATE THE MECHANISM
% A MEKCHAMICALLY OPERATED DEVICE I3 USED TO DO THIS
Figure 52,
142
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PANEI.§, DOORS, AND COVERS

® THE TIME ASSOCIATED WITH CPEN/CLORING PANELS,

DOORS, AND COVERS
® NO TOOLS REQUIRED

DRAWK RS

® THE TIME AMOCIATEDWITHO PININGICLOIING
OF DRAWKRE THAT ARE N

¢ NO TOOLS REQUIRED

1509578

Figure 54. Drawers

DIFRLAY LAMPY
¢ THE TIME RKQUIRKD TO REMOVE/REPLACK PANEL
INQICATORS THAT POP IN AND OU

8 NGO TOOLS REQUIRED

Figure 55, Display Lamps
143
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4.6 WORK FACTORS

The maintenance time standards developed in the previous sections assume that
the working environment is conducive fo maintenance ({.e., moderate temperature,
ample working space, and a fixed platform environment). Real world factors may
result in less than ideal conditions for correotive maintenance actions, This section
covers the work factors that may inorease or decrease the maintenance times estab-
lished in the previous section.

The main factors that have a noticeable effect on repair times are work environ-
ment and maintenance personnsl, These factors can further be categorized by:

1, work environment

a) space impediments
b) climatic conditions (temperature)
o) platform (alrborne, ground, shipboard)

2. maintenance personnel

a) aptitude
b) manpower
o) attitude

Data was collected, through a literature search, on the maintenance work factors
identifiod above. A summary of the information found on these work factors is pre-
sonted in the following sections,

It should be noted that a minimum amount of work factor data was available, That
daty. which is presented in this mection was taken at face value with no attempt made to
substantiate or validate its accuracy. Utilization of the datu in this section should only
be used witli & thorough understanding of the conditions for which it is applicable.

4,6,1 Work Environment
4.6,1.1 Space Impediment

The firat factor considered waps space impediments, If a technician's work is im-
peded by an obstruction (e.g., another RI) or if he must perform his work in an awkward
position then corrective maintenance time will increase, Therefore, predioted repair
times, must be corrected by some factors to account for these impediments or oramped
working spaces. Table 30 {s a reproduction of a table which appears in RADC-TR-70-88,
Maintainability Prediction and Demonstration Techniques, written by ARINC Research
Corporation, The table contains correction factors that the times standards (supplied in
that report) must be multiplied by when working conditfons are not ideal. Use of these
factors must be restricted to the conditions defined in RADC-TR-70~89 for which they

were developed. A separate analysis of work fuotora due to space impediments was not
performed for this study. 144
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TABLE 50, IMPEDIMENT CORRECTION FACTORS

Impediment
Correction
Device Catogory Tool or Device Fuotor
Fastening Parts Non~oaptive sorews, 1,8
captive fasteners 1,2
Conneocting Flements Soldered davices, 3.4
nonsoldered devices, "
conneoting devices 1.4
Plug-in Components, . Disorete parts, 3.4
Asgemblies, and plug-in assemblies, 1,6
Subassemblios and subassemblies
External Access Covers, panels, en- *
olosures, doors, eto.
Adjustable Items Knob, sorewdriver, 1.2
wronch, eto,
*No data aveilable,

4.6.1,2 Climatio Conditions

The next maintenunce work factor considered was climatic conditions, This work
taotor acoounts for the effeots of temperature (hot and cold) on repair times.

Information was found for both extremes of the temperature soale. Figure 86
extraoted from AMCP-706-134, Maintainability Guide for Design shows how & techni-
oian's aocuracy decreases (thus increasing repair times) as the temperature increases.
The figure does not provide quantitative information on the increase of maintenance
times.

Data for maintenance under cold temperatures was extracted from Maintenanoe
Performance in an Arctlec Environment, written by the United States Army Arctio Test
Oenter. This roport colleoted data on maintenance actions in sub-zero temperatures,
but the data was never analyzed due to the canocellation of the atudy.

A regression analysis was performed on data to see if any correlation between
the temperature and the repair times oxisted, This analysis resulted in the ourve
shown in figure 57. 'The datn polunts and the regreasion equations are tabulated in
appendix E.

The data extraoted from the previously mentioned report pertained to repair times
of mechanioal items. Therefore, the ourve shown oan only be applied to maintenance
actions that require physiosl movements. For example, times pertaining to physical
uotions such as removing and raplaning a fastener, or opening and oloaing & latch can
be adjusted by the curve shown, but non-physioal actions such as running a conputer
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Figure 36, Ecror Increases Due to Tomperature

controlled dlagnostio program would not be affected by the temperaturo difference,
Also sinoe the data extracted was in the temperature range of ~80°F to 0'F, the curve
18 oonsidered valid only for that temperature range.

4.6.1.3 Platform Stability (Alrborne, Ground, Shipboard)

The last environmental work factor congsidored s the platform on which mainte-
nance is performed. It appears obvious that there 18 o relatlonship between the time to
perform physical actions associated with maintenance and the stabflity of the platform
on which maintenance ls performed. However, the literature search ylelded little
quantitative analysis of this relationship

A maintainability analysis performed on the Surface Towad Array Sonar System
does provide a relationship between maintenance under different sea state conditlons
(wlth sen state "0" considered equivalent to ground maintenance). The analysis is
summarized in Tablo 61, The sea state data was extracted from Qceanography
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l Figure 57, Effects of Arctic Temperwnture on Maintenance Repair Times

FUNCTION OF SEA STATE

|
i
'TABLE 51, INCREASE IN MAINTENANCE TIME AS A
| % Increase In |
|

Frequenoy Physical Task .

. Sen Btate Wave Height (ft) Occurance Time !
{ ; 0-2 0-3 ft, 0.20 0
3 3-8 0.28 18

.

|
|
4 5-8 0. 26 50 |
8 8-12 0.10 100 !
6 12 0.20 - |
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by M. G. Gross, Prentice Hall, 1672. The maintenance factor data was based on best
engineering judgement of several experienced shiphoard technicians, This data is con-
sidered applioable only to the equipment oharacteristics and {natallation characteristios
(e.g. ship size, mounting location, eto,) of the referenced aystem. Application of this
data to other shipboard installations must be limited to like conditions.
4.6.2 Maintenance Peraonnel Factors
Proficiency, attitude, and manpower were the personnel factors considered. The
literature search came up with several doouments that contained information on the
effects of maintenance porsonnel on repair times. The documents that contalned the
most useful information were:
1. Sfegal, A.l., Wolf, J.J., Willlams, A.R., A Model For Fredioting Integrated
Man-Machine Rellability, March 1976
2. Foley, J.P, Jr., Alrforce Research and Development Program for the
Improvment of Maintenance Efflclency, November 1873
3. Ellot, T, K., Effects of Electronio Aptitude on the Performance of Pro-
ceduralized Troubleshooting Guides, November, 1967
4, Pleper, W.J., ot al, Effects of Ambiguous Test Results on Troubleshooting
Procedures, November 1967
4.6 2.1 Aptitude
The oonolusion resched after a review of the referenced documents is that the

: proficionoy or aptitude of a technician has a negligible effect on repair times once

the fuult has been isolated to a single RI or group of Ris, The time asscoiated with
fault isolation procedures that require operator interactions (either semi-automatio
or manual foult isolation) van be affeoted by the profiolency or aptitude of the main-
tenance technician or operator, However, the profiolenoy of a techaioian has a neg-
ligible effect on fault isolation time with automatio fault isolation techniques or if &
good proceduralized troubleshootisy manual is used. The effects of proflolency are
primarily due to ambiguous fault k. stion results, However, if a siep by step prro-
codure is used to aid the technioian, then the differences caused by different aptitude
lovels diminish, The methodology presented in this report requires the fabriontion of
a maintenance flow diagram that reduces the effeots of aptitude and proficienoy due to
ambiguity on repair times prediotions.
4.6.2.2 Manpower Availability

The manpower available to perform vorrective maintenance can have a consider-
able effect on maintenance repalr timea. As i8 shown in geotion 6.1.7 (tlmeline
analysis), the manpower available can reduce the total repair time by allowing for
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multiple actions to ocour at the same time, Bince a time synthesis model was developed
for this methodology, the effects of the manning level oan be accounted for directly when
the repair times are aynthesized (refer to seotion 2,6.2),
4,6,2.3 Attitude

Technjolan aftitude or motivation is probably the most dominant faotor in the vari-
ation of time to perform maintenance between techniciang. It is plso the one factor that
is unprodictable or unquantifiable, As indioated in Seotion 2,2, the purpose of the pro-
oedure developed here is to predict inherent maintainability, Within this framework,
tachnician attitude was exoluded from further consideration,
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SECTION 5.0 PREDICTION PROCEDURE

6.1 DETAILED PREDICTION PROCEDURE
Thls section provides u step by step procedure for performing a detalled prediction
of MTTR aa desoribed in Section 2.3, The tasks Involved {n performing the prediction
are: "y
i 1. Deflne the prediction requirements
2. Define the maintenance concept
3, Identify the fault detection and tgnlution outpute (FD&I outputs)
Ly 4. Correlate the FD&I outputs and hardware features
! | B. Correlate RIs and FD&I outputs
6. Prepare a malntennnce flow diagram !
7. Prepure time lino analyses
8. Compute the malntainubility parameters
Descriptions of each of the taskas are provided in the following subsections. A
sample prediotion is provided in Appendix F,

5.1.1 Prediction Requirements Definition
This step of the predfiotton is in some respects the most important aapect since
it establishes a common baseline of understanding the prediction purpose, approach and
scope. During this step, the maintalnability parameter(s) to be evaluated is defined,
the prediction ground rules are established, and the mainienance level for which the
prediction is being made is defined. |
Parameter definition includes the selection (if required) of the parameter(s) to he
evaluated and the establishment of a qualitative and quantitative definition of each
parameter. In most cases, the parameter in question can be defined by the mathe-
matioal models presented in Sections 2.3.2, 2,6, and 2,0, If the prediction ie being
performed in complianoe with & oustomer statement of work defining the parameter
‘ to be analyzed, it must be determined if i he stated parameter is consistent with the
I equivalent parameter defined in Section 2. If not, the prediction models must be
changed accordingly, As part of the parameter evaluation, it must be determined !
\ | . which elemental maintenance tasks (6.g., preparation, isolation, etc.) are to be |
Il | included in the analysis and whioh are to be excluded. |
For a system which includes redundancy, non mission oritical elements, or !
degraded operating modes, the failure state(s) for which the maintainability param=-
, eter is to be evaluated must be defined, For simple cuses Buch as non essential
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equipments, the evaluation {s simply performed with the exclusion of the non essential
| equipment. For more complex situations such as redundancy, the redundant equipments
are first evaluated independent of any redundancy considerstions, and then the redun-
dancy i8 evaluated using standard techniques such as Reliability Handbook by B. A. Kozlov .
and L. A, Ushakov.
The last aspect of this step is to explicity define the maintenance level for which : !
the prediction is being made. If the level is defined in terms of u specific mainte-
E ‘ nance organization (e.g., direct support unit, depot, eto.) then the tasks to be per- ‘
! formed are readily defined by the maintenance concept as desoribed in the following
) section. If the level is defined by operating level ¢r location (e.g., on-site, flight-
‘ line etc.), then this level must be redefined in terms of the maintenance organization(s)
performing maintenance at that level/location, For example, the maintenance conoevt
! for a given Air Force system may he repair on-site by a combination of organizational
' and intermediate level maintenance personnel, depending on the nature of the support
required, In this case it must be determined whether the maintainability purameter
b : is to be computed for the two maintenance organizations as a single entity or whether
! it 18 to be computed separately for each organization.

5.1.2 Maintenance Concept Definition
The maintenance concept must be established, so that in conjunction with a defini-

| tion of the prediction requirements (refer to previous seotion), a baseline is estab-
| ’ lished whioh defines the prediction to be performed. This step amplifies the preced-
, i ing step by explicitly defining the who, where, what and when of maintenance. Depend-
| ing on the state of the maintenance engineering effort associated with a particular
program, the maintenance concept can be derived from, or used to generate a mainte~
nance allocation chart (MAC),
T With respect to the maintainability prediction, the primary output of the mainte-
nance concept is the definition of how a repalr 18 effected and what the replaceable items
are. Specific questions which will be answered are: .

1. Does the same maintenance organization perform all meirtenance actions !

(e. g+, isolation vs replacement) ?
2. What is the replacement level (1,e., equipment, unit, module, piece part,

etc,)?
3. Is repair effected by asingle RI replacement or group RI replacement ? ;




4. For group replacement, Is the entire group replaced or is iterative replace-

ment used?

5. How many maintenance men are avalluble and what are their skill levels?

As part of the above process, a complete set of replaceable items in identified.

If the malintenance concept allows for fault igolation to a group of Ris and repair by
group replacement, then the RI groups oan be reclassified ag Rls If each of the groups
is (ndependent of other groups.

6. 1,3 Fault Detection and Isolation Qutput Identification

This step involves the identification of all the "outputs" which are used in the
fault deteotion and isolation process. Norinally the fault detection and isolation pro-
cesses are segregated. However, for purposes of maintainability prediction, the
fault deteotion methodology 18 considered as the first step of fault isolation and is
properly included as a part of the isolation capability, Any time associated with fault
detection (e.g., mesh fault detection time) 18 normally excluded from the prediction
model,

The term fault deteotion and isolation outputs is defined as those indications,
symptoms, printouts, readouts, or the results of manual procedures which separately
or in combination identify to the maintenance technician the procedure to follow iu
performing maintenance,

These outputs will vary in form, format, complexity and data content from system
to system and some will be more obvious than others. The maintenance actions taken
in response to these outputs may depend upon the system maintenance environment and
the system operating criticality., For example, a system might have a set of idiot
lights which isolate to the most probable unit and also have a comprohensive semi-
automatic BIT routine which isolates to a single RI within the unit, If the system is in
a low criticality environment, the maintenance concept might be to always use the BIT
to isolate to a single RI. However, if the system is in a high oriticality environment
where downtime is erucial, the idiot lights may be the primary fault isolation output
with repair by roplacement of the most probable unit, It is important therefore, not
only to identify the outputs but also to ensure that the outputs idontified are the ones
that will be used in the intended environment.

Some of the more common generic fault detection and isolation outputs are :

1. Indicator light or annunclator

2. Diagnostio or BIT readout/printout

3. Maeter readings
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4, Cirouit breaker and fuse indicators
6. Display presentation

6. Alarms

7. Improper system operation

8., Improper system response

9, System operating alerts

To apply the prediction methodology presented herein, identify all unique fault
deteotion und isolation outputs (single outputs or combinations) which will be used by
the maintenance technician. This may be an itorative process for a system with

ambiguous fault isolation (refer to the detalled prediotion example in Appendix F).
The predictor should first identify all primary unique outputs upon which the mainte-
nance technician relies to make decisions on the repair methodology {(e.g., perform
adjustment, replace RI, proceed to a different method of fault isolation, ets.).
Secondary outputs should then be identified for those cases where the primary

output ylelded a result whivh did not corrent the problem and further isolation is
required. '

5.1.4 FD&I Outputs and Hardware Correlation

The kay to this prediotion methodology, and by far the most demanding of the
prediction tasks, im the establishment of a correlation between the FD&I Outputs as
defined in the preceeding paragraph, and the hardware for whioh the prediction is being
made. This step demands a thorough understanding of the system hardware and soft-
ware, and of the FD&I fostures inherent to the system (i. ., hardware and software
monitoring and diagnostic capabilities).

This task can be accomplished either from the top down or bottom up. The top
down approach involves a fault tree technique where the top of the tree is euch unique
FD&I output; the next tter identifies the FDI feature(s) which can yleld the subject
output; and, the bottom tier identifies the Rlg or partial Rls which upon failure wouid
be detected and/or igolated by the subject FD&I feature, The bottom up approach
involves identification of circuitry (in texrms of RIs) assoofated with each FD&I feature,
and the analysis of how a failure (l.e. no go) of each FD&I feature presents itself to
the operator/maintainer in terms of a FD&I output.

Either approach requires the same five steps to be performed;

1, Identify all FD&! features

2. Identify the circuitry assoclated with each feature

8. Identify the FD&I sequencing
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4, Establish ihe RI failure rate assoolated with each FD&I feature

5. Correlate the FD&I features with the FD&I outputs

FD&I features are those hardware/software elements, or combinations
thoreof, whioh generate or cause to be generated each FD&I output. Typloal features
include diagnostio program routines, BIT routines, BITE, performance monitoring
programs, status monitors, and test points, These items normally correlate on a
one=to=ohe basis with the FD&I outpute. FD&I by operator observation of improper
system response or improper system operation cannot normally be associated with
any specific FD&I feature,

Aftor the FD&I features are identified, the circuit schematics are mapped to
identify the components tested or verified by each feature. A sample mapping {s
ghown in figure 58, The mapping is then translated into a matrix s shown in
figure 59, 'The matrix identifies, for ench FD&I feature, the Rls and components
which are tested/verified by that feature. Alsp included in the matrix is an identifier
which defines the order in which the FD&I features are utilized during the isolation
CoBH,

The matrix is used to identify the fnilure rate of each RI associnted with sach
feathre. The first FD&I feature is examined end the failure rate of each component
ussoclated with that feature is entered in the matrix under that feature., The second
fouture\'s then axamined, eto. If u component is tested/verified by more than one
foature, the failurc rate is assigned to the first feature which would result in a

"no-go'! result, If different tests of the snme component check different failure modes,

then the failure rate is apportioned to each feature based on the relative occurrence of
onch failure mode. In completing the matrix, the failure rates for the components
under each FD&I feature are summed together and entered as the failure rate for the
RI choocked by that partioular feature. Those components which are not included
undor any FD&I features represent undetected failures or failures not isolated with
the FD&I features (i.e., they require manual hunt and peck type fault isolatlon). The
failure rate of the undetected failures is noted in the appropriate column of tho matrix
as is that portion isoiatable by means other than the dedicated FD&I features (e. g.,
oparator observations of improper system response).

In those cages where the exact failure rate of the nth RI, which can result in the
jth FD&I output, is not know, the failure rate (or unknown portion thereof) can be
evenly distributed among the corresponding FD&I outputs as an approximation of the
actual distribution.
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Figure 59. Matrix for Corgelating FD&1 Featurea with Rls

The next step in the correlation process is to associate the FD&I fdatures with
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the FD&I cutputs. This is sccomplished using a fault tree type diagram such as the
| sample shown in figure 60. The top of the tree consists of all FD&I outputs;
the second tier contains the FD&I features which separately or jointly result in the
given FD&I output; and, the bottom tier presents the Ris associated with each FD&I
wl oo featurs and the failure rate associated with that feature. The circles axre used to

g assign numbers to all unique FD&I outputs. The triangles identify the order in which
RIs are replaced when the maintsnance policy oalls for iterative replacement.
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Figure 60. Sample FD&I Correlation Tree
i

6,1.5 RI and FD&I Output Correlation
The reasults of the preceeding section ure saummarized in a matrix which shows

the relationship between the RIs for which the prediction {s being performed and the
total set of FDAI outputs, The matrix (refer to figure 6l) identifies the Rls across
the top and the unique FD&I Outputs down the left column. (The matrix can also

be shown with the rows and columna reversed for convenience,) In reference to the
math models (refer to Section 2.8, 2) the Ris are the '"n' parameters and the Outputs
are the '"{" parameters, Each RI column is further divided into three columna:

Knj. )vnj. and ano
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Figure 61, Maintenance Correlation Matrix Forimat

Under each RI column, enter the failure rate ) of the RI that could rosult in
the jth output, Now, for each unique output whioh has only one RI associated with it,
enter a 1 in the Knj column for that combination, For those outputs whioh are
associated with 2 or more Rls, the K, value depends on the maintenance woncept, I
the maintenance conoept is group RI replacement, entor under K , the number of RI1s
associated with each output., For example, if three RIs could contribute to the same
FD &I output, then a 3 is entered in the K n for each of thoswe RIs, If the malntenance
concept 18 {terative replacement, then Knj {s assigned based on the order of replace-
ment. That {8, the first RI to be replaced upon recognition of the subject FD&I output
{s designated as Kn = 1, the second Km = 2 and so forth., ‘The typival assignment of
values for each K“j is based on the relative failure rates of the Ris, with the highest
failure rate RI assigned as the first replacement item,
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5.1.6 Prepare Maintenance Flow Ciagrams

A maintenance flow diagram (MFD) {s prepared to establish the an values for
insertion in the Maintenance Correlation Matrix (figure 61), The MY¥D 1is pre-
pared to illustrate the sequencing of maintsnance as performed by the designated
maintenance technician, The symbols used in the MFD are:

g Starting Point {1, e., Fault Ocours & Detectad) or Ending Point

8 Activity Blook. The top of the blook indioates a specitio
maintenance activity and the bottom indioates the time associated
with that activity. This is the only aymbol that denotes time.

|

¥D&l Outputs, Designates the primary or secondary unique
FD&I output which definss the subsequant maintenance activity
to be performed. The '§" assoointed with the output {s entered
in the oirole.

i

I

j Deuision Point. Defines a point in the maintenance flow at which
! time the maintenance technician must make n decision on which

|

i :

subsequent path to take.

Path Identifier. Uniquely identifiem each path by unique RI (n), and
FD&I Output (§).

Continuation, Designates continuation from or to ancther place
in the maintenance flow diagram.

—_——— .

The MFD (as illustrated in figure 62) aturts on the left hand side of the tigure
45 & "Fault Ocours and Detacted! event. If isolation is inherent in fault detection, the
next item shown In the MED is the unique FD&I outputs. If isolation is not inherent in
deteotion, the next item in the MFD is the fault detection output, This would be followed
by autlvity blooks which define the procedure followed to achieve fault isolation. The
fault isolation activity bloock(s) would then be followed by the unique primary FD&I
outputs assoolated with the aforementioned fault detection output and assoolated fault
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fsolation sotivity. Following the ¥FD&I Output symbols are shown d;e aotivities
required for fault correction and repair varification,

If a FD&I Output results in non-ambigious maintenance (i, e, , primary isolnﬂon
to a single RI, or group RI replacement), then an "End" symbol will directly follow
the fault correction and verification activities. I a FD&I Output results in an
ambiguous result, a verification decision block is shown after sach verification
aotivity (exoept the last), Any activity (s.g., olean up) performed after a positive
verification deoision is shown in an activity blook(s) betwesn the decision block and
the End symbol. Asaociated with each End symbol is a path identifier which uniquely
identifies each path by RI and FD&I output. For example, the path nssociated with
the second RI and FD&I Output #12 would be designated as 2,12.

The Ru‘ values insertsd in the Maintenance Correlation Matrix are computed by

adding the times associated with each activity block from the ""Fault Occurs and Detected!

event to the "end" event for the subject i, §)pair. Note that only the activity blocks
have times assoolated with them. Tho tixme entered in the individual wotivity blooks s
computed from a time line analysis prepared in accordance with section 8.1, 7.
Elemental timen entered in the time line analysis are extracted from the following
sources in the oxder given: .

1, Actual times experienced on the subject equipment,

2. Standard times from Ssction 4.8.

3. Actual times experienced on similax equipment.

4. Engineering Judgment,

In the eatablishment of the time line analyses, the number of maintenanoe men
must be considered. For example, if a given equipment has two technioians per=
forming maintenance, one technician may perform disussembly to achieve accesa to
the faulty RI while the second technioian simultaneously retrieves a spare RI. In the
maintenance flow diagram, this would show as a single maintenance activity with the
associated time being the alapsed clock time. If the paramoter of interest was MMH/
OH, instead of MT'IR, then the time entered in the activity block would be the combined
MMH in lieu of the elapsed time.

5.1.7 Time Line Analysis

The estimated times used in the two prediction methodologies are synthesized
using a time line analysis method, A time line analysis consists of computing the
total elapsed time of a maintenance action by accounting for the time required to
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perform each step. The procedure for performing a time line analysis is as
follows:

ll
2.

3.

4.

"The time line analysis 18 also very helpful when analyzing the difference in repair
time due to the number of maintenance personnel available.

Identify each task that comprises the maintenance action,
Determine the time required to perform each task by elther actual times,
maintenance time atandards, time studies, or engineering judgement.
Detormine which actions oan be done simultanecusly if more than one

maintenance personnel {s available.

Detormine the overall time to perform the maintenance action by summing
up each time tn perform each action.
Figure 63 is an example of how a time is synthesized for a simple physical
task, The time asmoolated with each task is extracted from the table of maintenance
time gtandards shown in table 48,

RI NAME: MODULE (T/H)

LLEMENT MAINTENANCE ACTION: INTERCHANGE

MLSCRIPTION OF THE ELEMENTAL TAEKS

1018853

TIMF/ACTION QTyv TOTAL TIME

AEMOVE QUICK RELEASE COAX 004 4 [BY]
REMOVE SLIDE LOCK CONNECTOR 0.09 1 0,09
HEMOVE MODULE 0.09 1 0.09

' REPLACE MOnDULE 043 1 o4l
REPLACE SLIDK LOCK CONNEKCTOR [3¥] 1 [ 2%
REPLACE QUICK RELEASE COAX 0,04 4 (3%
TOTALTIME 0.73

Figure 63, Example Time Synthesis Analysis

Figure 64 and 65 are

the time line analyses of the same mainfenance action with two differsent manpower

levels,
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6.1.8 Compute Maintafnability Parameters
Once the MFD and Maintenance Correlation Matrix have been completed, it is an

easy matter to compute the desired maintainability parameter(s). For example:

1, Mean Repair Time of nth RI

3. Equipment MTTR

N
2 Mk
MR = 2 -
2
=l

Note that MTTR and Rn are computed on the basia of detectable failures.

167




3. Percent Isolation to a Single RI

K
ZAk f

I.1 = Nknla. x 100 Ak = failure rate associated with the kth
¥D&I Output which rosults in isolation ;
Z Z Anj to a single RI {.e., 'Knj = 1)
I n=1 j=1

4. Percent Isolation to a Group of N or Less Rls

9

IN e x 100 A failure rate assooiated with the kth .
. FD&I Output which results in isolation
' An to Nor less RIs l.e., XK . =1,.. N)
' . j j ]
; i n=1l j=1
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5.2 EARLY PREDICTION PROCEDURE

The tasks involved in performing an early prediction are:

1. definition of the prediction requirements

2. definition of the maintenance concept

3. determination of the prediction parameters

4, selection of the models

5. computation of the MTTR

The tasks mentioned ubove are expanded upon in more detail in the following
subsections. Sample prediotions are provided in Appendix G,
£.2,1 Definition of the Prediction Requirements

This step is the same a8 that required for a detailed prediotion. Refer to
section 5. 1. 1.
5.2.2 Definition of the Maintenance Concept

This step is the same as that required for a detajled prediction. Refer to
section b, 1, 2.

5.2.3 Determination of the Prediction Parameters

This task involves the tabulation and computation of the data necessary for the
prediction models. The data necessary to perform this type of a prediction are:

1. oonfiguration index defining the primary Rls

2. the fallure rate (predicted or estimated) associated with each RI

3. the basic fault isolation tesf; methodology of each RI

4. the replacement concept (If fault 1solation is to a group of RIs)

6. the packaging philosophy

6. the fault isolation resolution, either estimated or required (e.g. x% to

1 RI or average RI group size)

Forms similar to the ones in figures 66 and 67 should be used for
the data collection process,

Data is collected on Forms A and B at the level for which MTTR predictions are
performed. IFor example, if a repair time is computed for every equipment within a
system then a separate data collection form should be used for each equipment. The
data may be tabulated on one data collection form, if the RIs are given in general
terms, (e.g. computer memory, 15 CCAs, )‘T = 150 failures/ 106 hours) to avold
unnecessary paper. Data should be tabulated as follows:
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1, First tabulate all the primary Rls and their associated failure rates {n the
respective columns of form A (figure 66). An example of a computed form A
i8 provided in table G-6 of Appendix G.

2. Next described all the unique types (V) of performing each elemental activity
(m) on form B (figure 67), Note that some maintenance actions (or predictions
thereof) do not require that all the maintenance elements be included. Thesc
elements should be excluded from form B, Table G-4 of Appendix G {8 an
example of how each unique activity should be entered,

4. Next enter the appropriate number of headings (Vm) for each elemental activity
type along the top of form A,

4, Tor each unique aotivity type (m,v), synthesize times (va) using actual times,
time standards, time studies, or engineering judgment, and denote them in the

rospective column of form B.
§. Next denote the associated failure rate of emch RI, with the corresponding

activity type(s) that pertalns to it on form A (refer to Table G-B).

The two completed RI data sheets (A and B) provide the basis for the early predio-

tion technique. Once thay have been completed the submodels can now be applied,

How the data {8 used depends on which submodels are selected, The submodel selections

are covered in the next section.
5.2.4 Selection of the Prediction Models
The goneral form of the prediotion model is

M
MTTR = Tp + Ty + Tgp +Tpg + Ty + T+ Tgp ™ Z Tin
m=1

where:

Tye=Tp* T+ Ty
Variations of the model will be limited to the dcletion of one or more slemental

aclivity terms where appropriate.
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The seloction of the submodels to predict the various elemental times ln_ciépend-
ent upon the maintenance concept imposed. Tables 52 and 53 summarize the forms.
of each sub-model for the various maintenance philosophies that can ocour. Note
that some elemental maintenance times may be constant over all the Rls. Therefore,
the failure rate weighting model is not really necessary, Instead the average time
oan be computed by synthesizing the time required to perform the task.

The models presentad in Table 52 ars of a general form and generally can be
applied to any equipment level (t.e., system, subsystem, equipment, unit, etc),

The only limitation is that if BG or.Bl are computed, the prediction level must be
oonsistent with the RI grouping ground rules presented in section 8,2.8,1. Otherwise,
the slemental activity submodels are applied as the lowest level for which an MT'TR
prediction is desired. Higher level MTTR estimates are found by a faflure rate
weighted average of the lower levell.l For example, the model to compute a system

level MTTR, and equipment level MT'TRs, for a system containing '"D" equipments
would be:

D

where;
D = quantity of equipments contained in the system
Ag = the fallure rate of the g squpment
MTTRd = the mean time to repair of the d° equipment
and
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' TABLE 63, DEFINITION OF EARLY PREDICTION MODEL TERMS
th

Tp - time required to prapare a system for fault isolation using the v method
v
TFI - time required to isolate a fault using the vth method
v
i \ TSRV - time required to obtiain a spare using the vth method *
R ‘
TD - time required to perform disassembly using the vth method !
' v
! '1‘R - time required to perform reassembly using the vth method !
v
! 1
: i Tl ~ time required to interchange an RI using the vth method l
v !
! ' Ty ~ time required to nlign or callbrate an RI using the v method ]
. v .
L . { ! T - time required to check a repair using the v method
' v
' , Tyrp - time required to start up a system using the v"h method
" v
f ' ! xp - failure rate of Ris associated with the vth method of performing preparation
v
)
| 1 Npp - failure rate of Ris associated with the v') method of performing fault
j: ] v isolation
_: » SR - failure rate of Rls associated with the vth method of performing spare
B retrieval :
; xD - faflure rate of RIs associated with the v'\‘h method of performing disassembly
' v .
; ‘r ~ failure rate of RIs associated with the vth method of performing reassembly I
= . v !
j . )\I - {ailure rate of Rls nssociated with the vth method of performing interchange |
v |
e
)' ’ - A A - failure rute of Rls associated with the vth method of performing alignment |
I, } ' N ~ failure rate of Rls associated with the vth method of performing checkout !
{5 v |
I i ‘ 7‘8'1‘ - failure rate of Rls associated with the v':h method of performing start-up l
A v 1
| I VP - the number of unique wiya to perform preparation !
D
i 1 '
VEL |

!
1]

- the number of unique ways to perform fault isolation i |
NS a |
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TABLE 53, DEFINITION OF EARLY PREDIC TION MODEL TERMS (Con't)

VSR - the number of unique ways to perform spare retrieval

VD - the number of unique ways to perform disassembly '
! ] VR - the number of unique ways to perform reassembly
1 - the number of unique ways to perform interchange

v
v A = the number of unique ways to perform alignment
v

c ~ the number of unigue ways to perform check-out

VST - the number of unique ways to perform atart-up
§G - the average number of RIs contained in a fault isolation result
: | §I - the average number of interchanges requirved to corroct a fault
A - the number of unique accesses (A = VD or VR)
b A - the average number of unique accesses required per fault isolation result
1 A a ~ the failure rate of the Rls that require the ath type of access
S T = the total system failure rate
'IjD - the time required to disassemble the nth access
a
TR - the time required to reassembly the ath access \
8 |
|
{
>
! |
‘. |
, S I }
| - .
| |
| . A
| |
|
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5.2.6 Computation of the MTTR

Once the submodels have been selectod the data tabulated on Forms A el e
secton 5, 2.3 can now be used to compute the average times for each element:al
maintenance task,

The MTTR 18 coraputed at the level at which 8 or G) {5 established. For
exemple if §(1 or G) can be eatimated for each equipment within a system, then the
lowest level that the MT'TR can be predicted in the equipment level. Higher lovel
prediotions of the MT'TR, such as the syastem MT'TR, ocan be computed by taking
fullure rate weighted average of the oquipment MT'TRe within the systom,

Coumputation of repadr thnes helow the loval at which S( ar () s ogtublished may
result in an jnaceuente uecount of ropair Wines, For wxample, if 8¢ or G) wore
camputed at the systom level und MLITRsS wore computed at the squipment levetl,
then the computad equipment MI"I'Rs may be in error sincu they will not aocount for
rupair actions that may involve other equipments, ‘lherctore, in order to compute
repair times at lower levels, & value for 8( or G) must be establishad at that level,

The only exception to the above, is if fault isolation is down to a single R1
(8 = 1 for the entire system, equipment .. .), then the MT'TR may be computed at uny
level since ambiguities between Ris do not exist, Otherwise the following criteria
must be followed. '

In order to compute a repuir time at a givon level, a value
for 81 or G) must be established at that level,

Once the lovel at which the repair timoes will be computed has been established,
the models selected are then used to compute the times for cach elemental activity
at that level. ‘Thoe higher level repair imes are computed by a fallure rate welglled
average as mentioned previously, d

Values for SG' SI , A, TB and/or Tﬁ, where required for insertion into the
elemental aclivity submodels, should be computed in accordance with the folluwing
subsections,
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5.2,5.1 Method of Computing 8g and 8y

The average number of RIs in a fault isolation result (Sq) and tho average number
of iterations required to correct a fault (51) play an important role in the prediction
of MTTR when fault isolation 18 to a group of RIs. Two methods are presented for
computing 8¢ or G), 1) compute 5(1 or G) using the specified or design requirement:
or 2) compute 8@ or G) by assessing the approximate fault isolation capabilities
of the system/equipment,

The first method of computing S(I or G) depends upon how the fault isolation
requirements are specified. If the fault inolation resolution i specified as follows:

N, Rls

xl%tos L

Xz% to s N2 Rlg, but > N, RIs

RIs

x3% to s N, RIs, but > N,
and X, + xz -*-X3 = 100%
then ‘
| M NNty (Mgt
X + X + X
g = 1 2 2 2 3 2
100

1f the fault isolution requirements are specified as follows:

xl% to 5 N, Rls

XZ% to < N2 Rls

100% to = N3 Rls
where Xl% < XZ% < 100%

then' + N Fl)

X, () + (%, - %)) (Nl__72_

100
The predicted MTTR using this method of coraputing § ls based on the assumption that

the specified fault 1solation requirements have been (or will be) met, Uhe resulting prodie-

tion is the inherent M'I"I'R that will be realized by nchieving the specitiod roguiremonta,

NN




This approach {s valuable during the early stages of equipment development for
purposes of allocution and assessment of the requirements facility, This approach
should not be used when data is available on the actual fault isolation characteristios,

The serond method of computing §(I or G) involves an analysis of the fault {solation
characteristios of the subject equipment/system as follows:

1.

2.

4.

prepare a simple block dingram depleting the system and how each major
function is related ({.e. show functional interfaces). As an example refer to
the data processing and display subsyatem block diagram of flgure G-2 in
Appendix G.

Group the functions (RIe) into "'¢'' RI sets such that:

e on eatimate of the fault isolation can be determined for each RI sat

e each RI set ts independent of any other RI set

e each RI set established is the nmallest set that can be established

For example, figure G-3 of Appendix G shows how the Ris for the DP&D
subsystem can he grouped, ;

For each RI set (g) estimate the average fault isolation resolution or the
average number of Ris per fault isolation result depending on the maintenance
philosophy in question (8 g if {terntive replacement, § @g {f group
replacement)

Compute the average 3{I or @) for the system using a fatlure rate weighted

model,

If the repair times are computed at lower levels then the overall § does not
have to be computed,

5.2.5.2 Computation of A, Th, and Th
The average number of accesses (dimassemblies and reassemblies) required per

fault tsolation result (T) can be computed as follows:
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1
A= _E(_}.__*_._
20
g
g=l
Ind.
A A B
Mg = Ay B
A = P = 1.8 __B&
g ga Ag
a=l a=l _l
where;

Ag = the average number of accesses required per fault isolation rewsult in the
gt‘h RI set, ("'G" RI sets established the same way as was done for §)

Pga = the probability that the a*‘h access will be required for any random fault
isolation result

AB = the number of unique accesses in the gth Ituh set

A g = the fallure rate of the Ris located in the ‘th RI set "

A“ = the fallure rate of the RIs located in the a™ acocss location of the g° Rl set
8 " = gverage number of Rls per fault isolation result for the gth RI set

The computation of T}, and T}, s exactly like the method used for A with one

modification. Each probability is multiplied hy its appropriate disassembly or
reassembly time. The equation for '1"‘b or 'I‘h 183

¢}
PRV
T

> Rl
2 s

g2

T
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and,
G
Z ‘e T'Dg
CO -l S
R G
A
2
gl
where:
A _
g A =2\ B
- 30 - (52 I,
E anl g ga‘

the same equations also hold true for reassembly, (Ti‘ )
g

where:

'y = the disussembly or reassembly time for the atb uocess of the gth Ri sul.

Dga

Note here also that if the RIs are grouped into just one met instead of G mets, Lhun
all the subsoripts "'g'" will fall-out and the fallure rate weighting of the gth RI sety is
not necessary.
5,2,6.3 Determination of MTTR

The MT'TR can now be computed by summiry: up the average times vomputed (rom
cach submodel, 'I'hus the MTTR is exprossed us

M
MTTR = Z T
m=]l
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1f the repair time computed 18 for a lower level then the higher level repair times
are computed as follows

Z Ay MTTR,

MTTR = —-—-——-

ZM

MTTR § = mean repair time of the lower levals
A 1 = faflure rate of the .l lower level
L = quantity of lower level breakdowns
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5.3 COMPATIBILITY OF THE DETAILED AND EARLY PREDICTION PROCEDURES

‘The early and detailed prediction methodvlogies presented in this report are
compattble and complementary since they both incorporate a time synthesis approach
to evaluate repalr times. This compatibility is important since it allows a uniform
approach to data collection, and provides the capability for combining the two pro-
cedures when a mixture of detatled and preliminary data iz available.

Figure 68 bolow deplots n timeline of the phases that a system goes through
from siart to end, The figure shows that the preliminary model is applicable through-
out all the program stages, whereas the detailed prediction model is only spplicable
from time t; to t;, The Information required to perform a detailed prediotion is
usually not available prior to ty. The method presented herein is a technique to utilize
the avallable information to get the most precise maintainability prediction that the
data will allow. The general form of the model is;

\p MTTRp, + Ay MTTR,
Ap

MTTR({) =

where:
MTTR(t) = predicted MTTR for time t of a system's program
_MTTRP = the predicted MTTR of that portion of the entire system,
using the early prediction methodology
MT'I'RD = the predicted MTTR of only the Ris that have enough datu
available to perform a detatled analysis

A, = the fallure rate of the Rls that have information

D
available for detalled analysis
B
]
cuncePtuAL | broposaL | beriniTion [PRELIMINARYL CRITICAL | opapucTion | OPERATIONAL £
DESIGN DESIGN
PHASE BHASE PHASE PHASE PHASE HASE PHASE 2

) 1y iy

EARLY PREUICTION MODEL

APPLICABLE
DETAILED PREDICTION ‘
MODEL APPLICABLE |

Figure 68. Various Phases of a System
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Ap = the failure rute of that portion of the system for which the early
prediction methodology was used
>‘T = the fajlure rate of the entire system In question (equal to Ap + J\D)

Figure 69 demonstrates how the precision of MTTR(t) increases as time
progresses, The shape of the curve between t; and tp is dependent upon the speed
with which the detailed information is obtained and how accurate the early prediction
is relative to the final value. Time ty typically ocours at a program's oritical design
review and tp ocours at the begging of a program's production phase.

The implementation of the model preaented here allows the user to keep track of
the overall system maintainability parametoers throughout the deaign and development
of & system. By using this technique the user can deteot whether or not the maintain-
ability design requirements specified will be met before the system is complete, If
the maintainability requirements appear that they will not be met, then the designers
oan be informed to the nocessary changes before it is too late. Thus time and money
can be saved by carefully tracking the maintainability parameters throughout a
system's development,

100*—-——-———-——-* ______

I
|
I
|
[
|

< i

to 191
TIME INTO A PROGRAM

Figure 69. Precision of MTTR Prediction as Time Progresses

M7TTR PREDICTION PRECISION
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SECTION 6.0 CONCLUSIONS/RECOMMENDATIONS

The maintainability prediction methodology presented in this document achieves
the objectives for which 1t was intended. It provides a technigue for analyzing the
maintainability of modern equipments/systems ineluding direct accountability of
diagnostic/isolation/test capabilities, packaging, replaceable item makeup and fail-
ure rates, The methodology oan be applied at any maintenance level, for any main-
tenunce concept, und for avionics, ground electronics and shipboard electronics,

The implemontation of the mothodology presented here nllows the user to keep
track of the overall system maintainability parametera throughout the design and
development of a system. By using tho developed techniques the user can deteot
whether or not the maintainability design requirements spuocified will be met before
the system im complete. If the maintainability requirements appear that they will

not he met, then the desighers can be informed of the necessary changes before it
is too late, Thus time and money can be saved by carefully tracking the maintain-
ability parameters throughout a systom's development.,

The maintainability prediction methodology 13 divided into two separate pro-
cedures; 1) a detailed procedure for use when detailed design und support data 18
available, rnd 2) an early prooedure for use when preliminary design dats 18 avail-
able, Both procedures are time synthesis techniques and both use the same general
model for predicting MITR. When a combination of detailed and preliminary data is
available, the two procedures can be used together to yleld a componite estimate of
MTTR.

In addition to the time synthesis type of early prediction procedure, a second
approach using multiple regression equations was attempted. 'This effor. produced
regression equations which showed good correlation with the sample data on which
th sy were based, however, use of the equations is not recommended, The equations
are very insensitive to design factors (e.g. fault isolation automaticity) which are
obviously important maintainahility characteriatics, and the applicability of the equa-

tions to equipmonts/systems othar than the ones on which thoy were based s unknown,

The detailed pred‘ction procedure can produce very accurate predictions (limited
only by the quality of the input datn) and can be applied at any hurdware level for
any maintenance ooncept, The early prediction procedure yields less accurate pre-
dictions (limited by the quality and quantity of input data) and again can be applied
at any equipment level, The models used in the early prediction procedure are
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dependent on the specified maintenance philosophy and a set o! seven (7) different
models are used depending on the fault isolation resolution and repair policy.
The early prediction procedure can be applied at any hardware level, however,
the accuracy of the result is dependent on the level selected. For most cases, the
early prodiction procedure vequires an assessment of § (the average number of IRs ina
fault isolation result or the avarage number of RI replacements required to correct & mal-
function), The predlction {a performed at the level at which S ia established. Higher
level predictions are computed uaing n fajlure rate weighted average of lower lavel
predictions, and lower level predictions ocan be mude by assuming the same S applies
at lower levels. The acouracy of the prediction ia directly related to a level at which
§ oan be established; the lower the level of § the more accurate the prediotion results.
'The maintenance time standards provided in section 4 of this report provide a
comprehensive coverage of modern packaging. Periodic updating will be required as
new packaging/construction techniques are developed. The standards are applicable
to any type of electronic equipment (.. e. avionios, ground electronics, shipboard elec-
tronios) however work faotors may have to be applied to account for environment dif-
ferences (e.g., ambient temperature, space impediments, work platform stability).
Work factors for space impediments, low temperature maintenance, and maintenance
in various sen states were examined., Data related to additional work factors is very
limjted and additional studies could be beneficiel in some areas such as airborne
maintenance and maintenance personnel skill levels,
The development methodologies are complete and usable as presented, Enhancement
of the methodology could be provided by further study in the following areas:
1) Indepth trinls of both the detailed and carly prediction procedures. Sample
predictions were performed for both procedures (refer to appendicies ¥
and G) however these cover only a limited set of equipment types, maintenance
environments, and maintenance philosophies, Further studics are recom-
mended to investigate and verify the use of the procedures for all maintain~
ability predictions.
2) Development of prbcedures for estimating S, 'The early prediction procedure
is dependent on an nocurate asseasment of §, Further studies are recom-
mended for the development of techniques for assessing § based on early

design data or design oriteria.
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3)

Development of computerized techniques. A computer program was developed
and presented for the caloulationa of Mm ax (@), Other areas of the presented
methodology are also amenable to computerization. The computation of §
{nvolves the calculation of a large number of probabilities which could be
simplified with the use of & simple computer program. Likewlise, the
determination of relationships between RIs and FD&I outputs is a long and
tedious task. A considerable savings could be achieved through the use of
computerized fallure modes and effects analyses in conjunction with the
detalled prediction procedure, Additional time savings could be realized by
computerizing some of the prediction bookkeeping functions such as time line
analyses, computation of repaix times from the maintenance flow diagram and
computation of fallure rate weighted averages. Further studies are recom-
mended for development of standard computer programs to perform the funo-
tions identiffed above, and to investigate and develop programs for other
appropriate aspects of the prediction methodology.
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APPENDIX A ~ RESULTS OF COMFUTERIZED STEPWISE ANALYSIS PROGRAM

The results of the computerized stepwise regression analysis program (SRAP),
which provide the four multiple linear regression equations presented in section 2.4.1,
are shown in figure A-1 through A-4, The data for each of the four equations {8 pre-
sented in two parts, The first part, provided in the "A' portion, presents the input
data and the regression equation parameters,

The input data is provided in the top portion of the ""A" figures and contains the
following:

Number of Cages — Defines the sample size of the data set evaluated,

Total Number of Variables - Defines the number of variables to bs analyzed, It

is equal to the number of independent variables plus 1,

Variables — The variables to be analyzed aro liated with the depondent variable

listed first. ‘The mean and standard deviation of each variable are computed and

listed,

The second half of the "A' figure provides the regression equation data that was
outputted on the last step of the SRAP, Contalned in this output are:

Multiple R = The multiple correlation ooefficient.

Var{ables in Equation — Identifies the variables inoluded in the resulting regression

equation and the coefficient of ench vuriable, The first antry is the equation

constant,

The "B" part of each figure summarizes the results of the analysis obtalned at
oaoh step of the stepwise regression, For each step that was parformed the following
information is given:

Variable Entored/Remeved — This entry desoribes which variable was entered or

reinoved at each step,

Multiple R and R8Q ~ This entry gives the multiple correlation coefficlent und the

square of the multiple correlation coeffioiont that was computed at each Interval,

This was the value usad to determine whether the dependent and independent var-

iable showed good ocorrelation, (R and R squarod oah vary from 0 to 1),

Inoreago in REQ — This value shows the inorense in the square of the multiple cor~

relation coeffiolent at cnch step that o variable was entsred or removed.

F value to Enter or Remove = This value is the value of the F statiatic for the

variable that {s entered or removed ut euch step, The variuble with the higheat

F value to enter 18 the variable thut produces the largest increuse in the multiple

correlation, The variable with the lowost F value to remove is the varinble that

results in the lowest inorense in the multiple correlation,

1 Praceding page blank

il e,




Number of Indeperdent Varjgbles — This value denotes the number of independent
vuriables in the regression equation computed at each step.

Predicted vs Actua] — Data contained in this part of the computer results compare
the observed values of the dependent values with the predicted values.
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Figure A-1A, SRAP Computer Results tor K (Run No. 1)
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Figure A-2A, SRAP Computer Results for K (Run No. 2)
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Figure A-3A. SRAP Computer Results for MTTRis0 {Run No. 3)
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APPENDIX B ~ DERIVATION OF Mmax(ﬁ) FOR THE LOGNORMAL DISTRIBUTION

Let y = Log x and be normally distributed (p.y. o'y). Then x = 6" and {8 lognormally
distributed and
E(x) = Ee")

E(y) = E(ln x)

Binoe E(ey ) is equal to the moment generating function of y evaluated at 1 and y s

normally distributed 4Ll 2
E') =p =e ¥ 2V ()

The coefflolent of variation for the lognormal distribution is

N o= E—; = (e
Henoce 2 2
2 1op X X
vy =log 5 (2)
"
2 2 p)
and LIV ") B
P’y o log “x - %log _X .. 2 ..x....s log VISR . S, !_ on (3)
Px [:sz + pxz ] 2

A simple relationship oxists between the quantiles of the lognormal distribution 1(x)
and the atandard normal distribution f(y), X anx (®) and vg represent the valuea of
x and v, a standard normal variable, respectively for the qth quantile then;

.
an.xm =@
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substituting (2) and (3) In (4) we find that

2 2
Mmﬂx(’) T

e @ XD v log
LR % ¢ "12
By "% .

Reference: J. Aitohison and J. Brown, The Lognormal
Distribution, Cambridge, Mass. 1957
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APPENDIX C ~ ESTIMATES OF Mmux (¢) FOR LOGNORMAL REPAIR DISTRIBUTIONS

"This appendix provides estimates of M max (@) for lognormally distributed ropair times,
The Miax @ values are found by:
' 1. BSelecting Table C-1 or C-2. Table C-1 {8 used for percentiles (3) of 110, 70,
and 80 percent. Table C~2 I8 used for percentiles of 80, 95, and 99 peroent,
' o . 2, Looate the mean repair time (MEAN) which moast closoly approximates the i
' " MTTR of the equipment/syatem (n question. The repair times are provided -
from 0.1 to 2.6 in steps of 0.1, |
| 8, Lovate the corresponding repalr times standard deviution (SIGMA) which
Is eatimated for the subject equipment/system, Values are provided from ;
i 0.1to 2.5 In steps of 0,1, ;
( ' 4. Read the value of Mmax (®) under the appropriate percentile column, .
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6OT T0TH AND BOTH PERCENTILES OF THE LOGNORMAL DISTRIBUTIMBN
FOR MEANS AND SIGMAS FROM ,i T2 2.5

SIGMA

-
(<3

e ®# 3 8 ® 0 00
— OO0 ~Ig\WD

.2

PR DB DI e om e e o o e

TABLE C-1

60 PERCENT

0B7315
+06) 674
046447
037152

082564
2074303
2067563
061965
057243
2053212
045727
046604
2044008
D41 &7
2039502
037592
4035865
034256
L0328064
031551
030343
029228
2028196
206

70 PERCENT

«109419
+08 6584
070079
038630
050335
044532
039899
JSHNI&|2
033208
030697
028573
0268754
08317
2023 782
022558
021454
020469
019578
0181789
018030
01 7353
OIERS
016155
L15619
015123

229170
218839
196038
o1 713968
«155384
140157
o112 7649
ol 17259
108518
101071
«094 652
«0BSC G
«0BAl3]
«079 799
073914
0 TR242A
069271
066406
063791
061354
«039188
L0551
A2 &
«053507
0351871

BO PERCENT

o142493
13008}
113406
+100002
+0B9 592
Q81369
L7413
0692368
JLRAR2
+0680 882
L5727
+0154290
5] 654
049306
U4 7'1 99
145295
043565
«041958%
L4036
2039201
0379686
03 6820
035753
HL34757
L33824

w6821
284986
L7663 6
280! &3
242835
226812
212536
200004
188333
«l 79183
«170501
182738
55757
o1 49446
«143 709
J3847)
133668
129244
125156
21384
17837
A1 4546
1467
.108380
+J 05866

Juete et




TABLE C-1 (Continued)

60TH 70TH AND BOT™ PERCENTILES OF THE LEGNORMAL DISTRIBUTIBN
FOR MEANS AND SIGMAS FROM .1 T2 2,5

s16MA 60 PERCENT 70 PERCENT 80 PERCENT
ol 308999 374117 S7401 |
o 291067 343064 WAl 8832
o3 261946 JS28e2s8 W2 7478
oh 232834 305822 WA2142 4
o 206706 282530 A0 281
8 <l 85022 +2 60952 390244
o7 «1 67000 24l 768 WB12118
8 51974 224948 3559 61
9 o1 39342 21023 § B 40218
1.0 28616 «1973383 325667
bl 15418 +1 85964 Wwiozes
12 11458 ol 19889 300006
) «104%00 1 66909 28BS
1.4 ,0983 717 1 38860 L2 TB346
) 092948 81608 268778
146 +0B8101 o1 45038 2599217
147 083748 139088 281721
|48 O79818 433993 244107
1.9 L0165 Jd28982 237007
2.0 «0 73001 1259 65 L30376
2,1 407002 6 «119698 £224) 68
2.2 0671292 1874} 218344
2.3 06477 Jd12065 £12861
2.4 XX YY Jd0B638 207701
2,5 060278 1105432 202836
ol +AL 3035 o44194) WAT7410
2 WA032%6 «438339 JB82433
o 379013 0454249 561478
oA o 3492 6} WA116178 565971
9 319492 415878 56318
«6 292127 «352016 593272
N:] 246695 WI4T936 .520326
9 L2282 6% W32BA4T +502814
1.0 212204 310768 +AB5669
14l .19815) 2947718 +469222
142 +185789 +280314 +433624
1,3 .1 74855 267207 +438923
| .4 »165128 o255%297 #4251 13
%) .196428 244443 «Al2198
1.8 148606 #234519 +400008
147 o141 539 $2254]8 388609
l.8 135128 217036 377909
149 «1292 79 2209302 36784}
2,0 2123530 «2021 42 358361
2,1 «115017 o 199433 «345 435
2,2 114490 «189530% «34]100]
2,3 .11030% JIB3529 2333027
2.4 0106424 78126 «325415
2.9 .102816 o1 73061 W318518
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TABLE C-1 (Continued)

G0T™ 70M™ AND 80TH PERCENTILES @F THE LOGNORMAL DISTRIBUTION
F@R MEANS AND SIGMAS FREM .1 T0 2,5

MEAN SIGMA 60 PERCENT 70 PERCENT 80 PERCENT

5 ol 515518 .5435947 W519215

9 2 0511833 $5681 72 642030

9 o3 «49341 6 £573439 633 724

o5 o4 0466591 W8 64587 $70571 4

5 o8 2436576 2547097 o T2464

P .3 o7 378393 501846 <6983 70
! i .5 B 0352557 +A478453 « SR4094
o5 9 2329253 +45 6050 < 667720

9 140 «3083 69 0434920 « 650407

T .5 1ol <289 687 415246 “&12878
o5 12 «2729 60 W39 7036 L61557)

| o5 1.4 4244440 o564 711 « 582540

o5 145 2382286 ~350393 4567030

| 5 1.6 221173 o351 59 $952239

‘ o5 147 211108 »324509 W5381 6%

| o5 1.8 0201917 W313546 .524 788

| 5 1.9 195497 +30298% .51208]

5 2,0 1857158 W2935 149 .500010

L) 5 2.4l Jdi8 €2 2839 68 488540
) 5 2.2 ol 72023 »278303 .477634
[ " 2.3 o1 65904 2671337 ABT25Y
| Nt 2.4 .160215 259 783 4573876
1, | Wb 29 o1%4913 252677 JA479%9
! 6 ol .617183 + 645504 + 680304
= o6 2 W61 7998 s 674833 « 148023
! .6 ) APYLE » 687509 198 6%0
1 o6 4 0582133 . 686129 831 664
] V6 5 554038 <6745 65 .B45315%
6 '6 «523891) . 656516 +854957

. .6 o7 493830 «634874 +B51 BBY
! , .6 8 «465067 611 644 B42848
. | .6 9 0438191 588114 829508
! | N 1.0 JA4l3412 565060 Bl456]
. 8 Ll 390 732 542917 . 797851
| .6 1.2 +370043 2521904 « 7180 489
6 143 «351 190 £502107 . 762992

w o6 144 +33400] +4B3 586 145556

l 5 1.5 318306 2466152 .T28%04

\ o6 1.6 «303945 .449895 11923
' o8 1.7 «290 784 WA34 694 695887

. 6 1.8 o2 18 684 ,42047} .680436
\ o6 1.9 267533 <40 7153 .665585
Lo o5 2.0 257232 0394667 « 651333
P 6 2.1 247692 382946 + 637669
. .6 242 238836 W371928 L624516

| N 2.3 230595 361556 2612032

i «6 2.4 2222909 «391 778 « 800013

! o6 2.9 21517 342547 +5BBAS4
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'TABLE C-1 (Contlnued)

GOTM™ 70T™ AND BOTH PERCE.NTILES @F THE LOGNPRMAL DISTRIBUTION
FOR MEANS AND S1GMAS FREM .1 T8 2.5

MEAN §1GMA € PERCENT 70 PERCENT 80 PERCENT
o7 ol 0"3373 + 746589 J181022
l 01 .2 .722510 .7795’“ .6520‘6 i
| , o1 o3 ,113944 » 797959 909022 ‘
; ,. o, ) 670232 V1976839 917825
, W7 o8 641421 .1843%7 592571
, , o o1 ,611206 ,16538 6 99 7449
: | o1 8 581076 RIYYEY 994874 !
, o o3 551961 J12141 6 98 6892
| 7 140 5243 68 .69 7872 975127
\ W1 1l JA98529 .674502 960819
i o7 12 474508 651733 944872
1 1o 4522 67 L62981 17 92 7964 ‘
| o1 ! o8 AT , 608888 910570 !
| 145 JA12740 585003 895030 ,1
) W1 1.6 S95211 57012 875581
b , o7 147 375003 5923 70 58387 |
| | 1 18 365998 535559 B41551
\ o1 149 550084 519689 8251 64
] 7 20 337159 504704 809251
o1 2.2 313917 WA 10 718948
[ o1 2.8 303443 JAG4512 164568
1 2,4 293 641 442926 715069 6
( o7 2.5 284453 L4411 6% V131820
! 8 o 8192 63 847385 881326 !
o8 o2 .82 6070 883082 954821 . ;
f 8 o3 JB21164 6906002 { 016487
.8 oA 806511 916678 1 4064867
‘ 8 5 . 784635 916780 | 099959
, .8 6 15802 6 508498 1 .12294%5
R 8 R " 128788 1894042 LY
\ i 8 8 .§98%21 87535% 1.139942
o 8 o9 L, 668344 853997 1137748
‘ .8 10 L, 638985 831150 1,130621
. o8 1ol L6L0877 LB07670 { 119881
| 8 |2 "584254 ‘784153 12106543
( l .8 1 o3 .559210 . 761001 1091413
‘ 8 | o4 555758 158477 1 4075101
', o8 ) 513838 WL ET3T 1 098066
| 8 146 ,493391 695872 { 4040 652 _
. o8 167 47432 1 ,679921 1 023110 |,
l .8 1.8 JAS6531 .65 6093 | 005628
o8 149 LA3992 4 L638774 588339 :
i 8 + 2 o0 A2 4408 L6215 6 571338 ,
i o8 2 ol 409895 L605144 984692 o
I 08 2 02 039 8301 0589556 09384‘5 !
! .8 2 o 583552 574732 922625 :
‘ 8 2 oA A71578 36028 S0 7248
L ; o8 2 45 860311 547202 392322 -
: N 2090 4
. t
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TABLE C~1 (Continued)

60T™H 70T AND 80TH PERCENTILES oF THE LOGN@RMAL DISTRIBUTION
FPR MEANS AND SIGMAS FRem ,1 T0 2,5

SIGMA 60 PERCENT 70 PERCENT 80 PERCENT
ol 919954 «94 7954 #581857
2 928822 385773 1 ,056874
o3 D2 6997 1.012250 | 122034
o4 915629 1 .,027526 | «1 75669
o5 B9 TRLT 1 0382642 1217311
o6 «873200 1 .,029193 1 4247456
o1 845653 1.018963 | 4267407
8 «81 6133 1 4003 66! | 4278538
o9 «185837 $9847175 1 ,282435

140 15586 963520 1 «2B80545

1ol «12 6089 0940846 1 274135

l 376801 W91 74866 ] 4264272

| o3 670382 «853202 | 251827

l 44 1644542 +870525 1 237500

1 43 20118 847591 | 221842

| o6 «39709 8 2825270 ! 205285

| o7 275432 .8D03 671 | 188163

| o8 4555065 o 182856 1 170733

1 o9 935921 2 162854 | 4133152

240 31 7925 « 143673 1 ,135688

2,1 501001 25304 1 4118333

242 «485072 1077217 lo10{210

243 470069 +69091 7 | .084380

2 o4 +45 5524 « 674843 1 067884

245 «442572 4659473 1 4051753
ol 1.,020304 1 4048473 1 ,082180
2 14031055 1.087853 1 4158430
o3 14031779 1ol 7232 | 226270
o4 1 .023670 1 136245 1 »284060
) 1 4008139 14145848 | 331084
6§ 986831 1 146879 1 4367449
o7 961365 1 +140839 1 ,393870
o8 933182 1129174 1 «4]1 429
o9 903469 14113235 ] «421364

140 873152 1.£94194 1 4424928

Il 84251 6 1 73026 | »423285

! 813247 1 .050508 1l o4l 7471

1 o3 « 184468 1 027244 | ,408375

1 44 01567817 1 4003692 1 «396740

1 o5 0130318 «980191 1383179

l o6 $ 705114 956985 1 »36B1B9

Iy +8811E4 ¢33 4245 1,352170

| «8 2658507 912100 1 «33544)

1«9 +63 7043 #8906 S 14318256

2,0 +61 6739 «B 69840 1 4300815

2.l 537536 «B8491797 1 .283274

242 375374 «830493 1 .265756

243 G183 B1l1s2z2 1 2248354

2 o4 343921 «795407] 1 e231142

2.5 T 330510 2776920 1214173
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TABLE C-1 (Continued)

60T 70 ™ AND BOTH PERCENTILES @F THE LOGNORMAL DISTRIBUTI@N
FOR MEANS AND SIGMAS FROM .1 TO 2.5

MEA N SIGMA 60 PERCENT 70 PERCENT 80 PERCENT
ldl ol 1,120953 14148859 | 4182403
1l 2 l.132832 1.189603 1 4259642
|l o3 14133756 1221279 14329385
1l o4 14130316 | 243 608 1,390700
lel +5 lell7617 1256921 1 4442159
1ol o6 1 098976 1.26014 1 4483 793
1l o7 1.073768 14259966 14513972
1l o8 1,049283 1251972 14539436
1l o9 1 4020 649 1.,239213 14555141
|l 1.0 +990 758 1.222711 14564127
1.l |l +960467 1203613 1 4567420
1.l | 2 930212 1.82518 1 4565983
1l 1¢3 «50044] 1.16014] 1 ,5606768
Y| | o4 BT1437 14136998 1,332250
1.l 143 +B4338S 14113493 14541346
1.l 16 «B16413 1.089934 1,528503
1.l 1e7 « 750373 ] 066354 1.,514168
lal 1 48 0 163852 | 4043522 1 4498711
lal l 9 ¢ 7423 64 1 ,02096] 1l 1482432
1.l 2,0 « 1199 687 +998537 1,465578
|l 2.l + 698665 971566 1 ,448346
| ol 2 o2 « 678412 +956824 1 430896
el 2.3 N E R 938747 1.413356
1l 2.4 «8408&2 0917343 1395828
|l 2,5 «823456| +898606 1.,378392
| o2 ol 1 221326 1.249178 1 282582
| 2 o2 1 4234367 1291009 1 4350609
| &2 3 1239105 |d24622 | sa32231
1l 2 o4 1 235996 } 549 667 1 «49 6043
| o2 ] | 4225864 1366284 14551181
|l &2 o6 1 .209767 1.,375017 1597300
42 o7 1.188836 1.376685 1.,684%24
142 «8 | o164267 14372257 1 .,663328
1l o2 o9 1.,137039 1387456 1.684418
12 1.0 14108076 | ¢345129 | 4698630
12 lal 1.078124 | 332297 1 ,706841
| 42 12 1.,047782 14513033 1.709913
1.2 1.3 1,017512 1 4252000 1 +708 649
12 | +4 «58 7661 1 «2 69 748 1,703717
42 15 «I3B4TT l 24675 1 4695940
l & {o6 «330134 | L223288 1.,685695
| o2 1 o7 «902 747 | o199717 1.673315
12 1.8 «8176381 1.176229 | 4659815
12 1.9 «8310T 14152989 1 ,644522 ;
1.2 2.0 H2 6824 1.130121 1,629123
12 2.l «B03 &9 14107715 1.81265%2
1 2 22 o 781464 |.083834 14393703
l a2 23 « 160295 1 064523 1,578434
12 244 « 740088 1.,043808 1 560978
| 2 243 120793 14023703 14543438
211
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6O 70T AND 80TH PERCENTILES @F THE LOGNERMAL DISTRIBUTIAN

TABLE C-1 (Continued)

FBR MEANS AND SIGMAS FROM .1 T@ 2,5

¢ SIGMA

.0
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80 PERCENT

1321 641
14335645
| 341959
| «340850
[ 333072
1 319353
1300807
i 278089

13505 7
e10481 6
L 747200

1.045571
1016588
«DBH2I9
S B2455
«93 661 %
O11T754
+BETB74
+864959
«842588
821933

1,421910
1 .436746
i 0444417
1 445141
|
)
{

i

1o
:.165447
l

1

435404
42 7887
411394
1390776
1366872
1 4340465
1.312251
1.282855
1252768
1 2224)2
1492121
106153
1.132708
1,103923
1.075910
1,048756
1 022445
997058
9 72584
94901 6
92 6340

212

70 PERCENT

| «3494458
| 352184
| 42 7423
1 «434780
| «4T42 68
1 sAB&24S
14491326
| 4450285
| 4483978
1 AT3262
| 4458555
1 .441800
1 422452
] 401473
l 379334
| «356427
{ «333069
1 +3095%16
1 4285988
| 262586
| 235489
121677
1 194502
172728
14151484

1 «449672
144931179
1 +329800
1 4359142
| 381134
1 4395987
1 ,604187
1.606017
1 4803099
14595277
1.583585
} 368714
14551290
14331872
1.510939
1 44889503
1 4466106
1 4442833
14419316
1 4393744
1.,372267
1 4349004
1 326046
} +303466
1.281315

80 PERCENT

| «382 729
| «46139%
|l «534383
1600414
1658 Q21
1 708565
14750194
1.783778
1 4809818
| +828966
| +841950
| «849 520
| o852 406
| 4851490
| 846796
| +839480
1 «829830
| «8182171
| 4805166
| «790827
1 « 775517
l « 759460
] 074284}
1.7125818
1e708521

1 482852
| «562043
1 +83 6199
1 4704033
| +764828
1 +818044
1 ,863517
1 4501359
1 531506
1 955650
1 573183
1 985141
14592171
1 .994895
14993911
1 585748
1 582895
1973784
1.962754
14950254
1 +93 6451
1.921630
1.,506001]
1 .889743
1 «873009
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TABLE C-1 (Continued)

6OTH TOTH AND BOTH PERCENTILES @F THE LeGNERMAL DIS TRIBUTIGN
FER MEANS AND SIGMAS FREM .1 To 2,5

MEA N S1aMA 60 PERCENT 70 PERCENT 80 PERCENT
1.5 ol 145221 43 | +549867 1.582955
1.8 2 1537697 1 +394032 1,62589
1.5 3 | 0346553 1.631B40 1737643
1.8 oA | 434886 1.662899 1 8070 68
143 W5 | +544995 1 .687084 1870057
1 o5 .6 | +335505 [ 704511 1 4926090
1.5 o7 1.521060 | 4715528 | 25 14920
bod .8 1 502394 | + 720 600 2.016547
1.5 Y 1 4480246 |.72038 2,051 7
1.5 1.0 1 4455333 1715321 2.0791 60
1.5 el | 4428313 | .+706259 24100972
1.8 I 2 | «399 773 | «693 762 2117143
1ob I o3 | 370221 | +678420 2.128232
1.5 | oA | 4340088 1.660770 2 .134800
1.5 Lo5 | ,309 728 1 4641291 2.137351
145 146 1 4279428 1 4620400 2.136516
143 o7 1 .245417 | 4358455 2.132 643
1.5 1.8 1.219870 1579762 2.126207
1.8 1.5 1.150521 1552576 2.117585
1.5 2.0 1.1 668 10529110 24107119
1.5 2.l 14135180 1\305538 2,09511]
18 2.2 1 108502 | 4482003 2 ,081821
i 5 2.3 1 .082 662 1 4438615 2.067479
1.5 2 .4 1 087671 | 1435478 2.052283
1.5 2.5 1 ,033530 1.412 651 2 203 6404
l .6 o' l .622'346 i 0550036 | 063504‘
1.6 2 1.638527 | 4694 77) 1.7630%2 -
1.6 o3 1.648426 1,738 607 | 4838905
1.6 ol 1 652140 1 ,7661 63 | 4909 642
1.6 o5 1.649958 | ,752279 | .974508
1.6 N 1 .642327 1 ,612004 2 ,032975
1.6 o1 1 .629B06 | 4825571 2 084745
1.6 .8 I .613022 1 833356 2,129 734
1.6 o9 1 .99269 1 835838 2 168042
1.6 1,0 1.569271 1 833560 2.199918
1.6 | ol I 543559 { 482 7089 2 .22573
1.6 ) | 431 6052 1 .816555 2 245890
1.6 i e 1 487248 1 8035824 24260898
1.6 1od 1457577 1.,788085 2 271241
1.6 . 1% 1 427406 1 770242 2.277412
1.6 I o6 1 .39 7043 1.7501710 2 279884
1.6 147 1.366737 1729856 £.279107
1.6 1.8 1 .33 6689 1.707998 2 275496
1.6 149 1307059 1685359 2 269431
1.6 2 40 127196 1 662300 2 .261254
1.6 2 .l 1249512 1 4638893 2 251278
1.6 2 2 1.2211%% 1 o615339 2 239162
1.6 2.3 1.194743 1591773 2 .22 6963
1.6 2 .4 1.]168308 1.,568305 2.213087
1.6 2.5 1.143065 1 .5450253 2 .198321
218
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TABLE C~1 (Continued)

€M 70T AND BOTH PERCENTILES oF THE LAGNARMAL DISTRIBUTI BN
FOR MEANS AND SIGMAS FROM .| T0 2,5

{;‘IGMA €0 PERCENT 70 PERCENT B0 PERpEHT
o | « TR252% 1.750185 1.78312)
2 |« 739258 14795417 1.86344%
) { « 750080 1 .835152 . 1 939982

| 755048 1.860022 2,0)1848

1aT54387 1 396846 2,07832%

| « 74B4 60 I oS1B€2) 2,138912

7 la737738 | 4534502 2,1932 64
8 { o722 748 | 4544783 2,241242
. | « 4075 1 4549850 2.2828687

140 | + 682292 14950160 2.318258

14! leS8't32 L oS4 6208 2347804

12 1,631 509 1 a52850] 2.37171382

13 . le&sTe | o932 7528 2,550404

{44 l 374002 [ 913793 2.4044:3%

I 143449258 1827714 2,41418%

1.6 L o8] 81707 2,420008

1,7 1 .484358 1 .8€0130 i 222371

1.8 | +484048¢ 1,85%302 2442 688

1,9 $ 44239 68 1 o81752% 2,.418309

2,0 143942 87 I +795019 2.,4125%80

2,! 1 4365057 14772006 2,4048]0

2.2 | 4386423 I o 7406 &2 £,395278

2.3 1308435 1o 5139 2034233

24 [ 281134 lsW]5863 2,371898

2.5 125459 | +67803% 2358472
ol | 4822 684 1850317 1.8835189
-4 1.835908 1 .8959B7 1.963794
o3 1.851530 14936513 2.040918
oA | 857643 14971545 24113749
o6 1853994 2,024500 2244068
o7 1,84493% 2,042492 2.500697
8 [ 831657 2,055053 2351338
" { yBIAGSO 2.08528 2395%950

1,0 14794434 2.065284 2,434822

1.l [«771521 2,06 758 2467545

I 2 1746400 2.,058386 2 .45499)

143 1.,719524 2.049630 2.5]1 1292

1 o4 1,691305% 2.,037%286 24334814

1.8 1.662113 2.023694 2.547545

i 46 1.832267 2.,00722 2.3570758

17 1.6802042 1.989] 66 2,562593

1.8 157673 1969549 24564870

149 1541356 14948757 2564258

240 1511252 1.927041 24561089

2l | 4814°9] 1 ,504&2 24555666

242 1.,4521 78 1 .8Bl 852 2 ,548289

2,3 1 .423394 ] J8584] 6 24539152

2.4 14395202 | 4834932 2 .528543

2,9 i 367647 l.811362 2.51 6649
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60T TOTH AND BOTH PERCENTILES OF THE LOGNGRMAL DISTRIBUTI®N
FER MEANS AND S1GMAS FR@M
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TABLE C-1 (Continued)

60 PERCENT

1 .922826
1 ,540487
1 552866
1 495897
) .,961537
| 995004
1.,951503
1 .535830
1 4924423
1 4905745
| 884258
| 860415
| 4B34 642
1 ,807336
1 7768854
| 474951 6
1 4719604
| 4685359
1 ,698988
| ,628667
1 4998340
] 4368727
| +535323
1 4310409
| 4482040

2 ,0229%
2.,041008
2.034049
2.068207]
2,065175
24063538
2 4057500
2 ,047335
2.033482
2016278
1 4996206
] 973662
1 4949043
1 4922731
| +B895065
| +B6G3 6
1 836803
1 806938
} 4778675
1 4746304
14715979
{ +6B5832
1 4655974
1 4626493
159746

216

.l TD 2 .’

70 PERCENT 80 PERCENT
14950434 1.583248
1 .996493 2064093
2,0371721 2.14l723
2,0735785 2.21%407
2.104482 24284520
24129751 2,3485176
2145640 2,407220
2.1 64313 2,46025 7
2.1 74021 2.507243
2.175083 2,5491 66
2.179867 2.98%236
2.176766 2,61599
2,170186 2,641603
24160330 2,6848]
2.148189 2,6878926
2.,1335%2 2.651289
24116503 2,69592)
2.098621 2,705) &8
2.078969 2,707 &
2,058202 2,706821
2,0865%0 2.,70384|
2.014212 2,6986917
1.9913 & 2,691643
1968193 2,682910
1.54471 6 2.,612710
2.030538 2,083301
2.096945 24164360
2.138800 2,242437
2.175788 2.31686|
2.207704 2,387052
24234464 2,.,452541
2.2560817 2.512975
24272650 4,568120
2,284471 2,.617853
24291695 2.6R167
2.294676 2,701150
24293758 2,734898
242895303 24768 682
2.281 678 24787740
2.271244 20738
2.258349 2.822837
24243322 2,834540
2 422 6469 2,842 729
2,208075 24847734
2.l88388 2,.849830
24167646 2.849378
2.1460%2 2 ,B46570
2.123 788 2 48B4l 681
2.101016 2 834942
2.077876 2 4826567
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TABLE C-1 (Continued)

@™ 70 AND BOTH PERCENTILES @F THE LBGNPRMAL DISTRIBUTION
FOR MWEANS AND SIGMAS FROM .1 T@ 2.

SIGMA 60 PERCENT 70 PERCENT 80 PERCENT
ol 2.23068 2.1%50633 2,185348
2 2,414 2419752 2.264355
o 2.19%120 2,239768 2,343067
oA : 2.163973 2.271584 2.418] 44
) 2.16€8116 2,310599 2 .485288
+6 2,1671711 24338713 4556049
1 2.16299 2,361911 2.,618075
8 24154253 24380293 2.675133
o 2414183} 2393996 2.727066

10 24126089 24403245 2,7138217

1} 24107407 2.408305 2.815449

| o2 2,086l 54 2.,409476 2852039

1.3 2,06 733 24407081 2 4883759

1.4 2,037467 24401450 2,91082)

149 201087 24392916 2.933476

1e8 1 4982 730 24381803 2.95%198)

17 1 495384 2.,368428 2,966630

148 1 «924282 24333070 2,972

1 o9 | 4894268 2.,336019 24985305

2.0 1 4863952 2.817%¢el 2.9950293

'’ 1 +833619 24297807 249923 48

242 1 4803251 24277087 2,951028

23 14778127 2255547 2.9892 177

S o4 1 743228 2,2333%4 2.,584622

249 1713680 2,210656 2.978176
ol 2223178 2 429078 2 .2853950
oo 2 241806 24297719 2 .,36480%
od 2 2906082 2 4340642 2.44367
o 2 265704 2.,379207 2.519285
o 24270799 24413216 24591279
o6 2271511 2,442 959 2,6%9189
o1 2 4268038 2 (467205 2.T02628
8 2 250632 2,487216 24781400
% 24249589 2 4502 702 2 ,035323

140 2.,2352383 24513843 2 ,884318

1.l 2 4217909 24920865 2.,928384

1 o2 24197353 2 4524029 2.,967%86

) 24700 24523618 3 .,002049

] 24151557 24519952 S 051943

143 2.25m11 2,513274 3,05747

146 2.,098566 84505943 3.,078872

147 2.,070343 2 4492234 3.,096888

1.8 2.041298 2,47842 6 3.110283

149 2.011630 2.,462784 3.120817

2.0 1.,9815917 2 .44555% 3.1282%3

2,1 14951308 2 .42 6966 3.132846

22 1920934 240217 3 4134841

2,5 1 ,890603 2.386527 3.134473

2,4 )} B60424 2.565036 3.31966

245 1 .830452 2.3 42909 3.127%27

216
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TABLE C-1 (Continued)

60T 70TH AND BOTH PERCENTILES OF THE LOGNGRMAL DISTRIBUTI1ON
FOR MEANS AND SIGMAS FREM .1 T8 2.9

SIGMA 60 PERCENT 70 PERCENT 80 PERCENT
ol 2.3232 68 2.330796 2.,383428
] 2 .342896 2.,5980%2 24464994
o3 2.356978 24441434 @a544128
oA 2.,367284 2 .,480678 2,80303
] 2.,373233 24313590 24653049
o6 2 4374999 2.546035 2,761938
o7 2.372684 2972029 £.826701
8 2.366529 2,993340 28870240
od 2.396752 2,610678 2,942 733

14,0 2.,043763 2.83%88 2,993 788

1l 24327748 2.6324% 3.,040099

|42 2.305063 2.815117 3 4081 72|

13 2.c88026 2,8890]2 3118741

lod 2264947 2.837211 34131298

1e5 2.240124 2,65239%0 34179348

146 24213839 2,6824826 3,203 703

1o7 2.186333 2.614793 3,223978

1.8 2457913 2,602556 3,240604

149 2.128733 2,.588368 3253819

2,0 2.095011 2.072468 3.2688864

2.l 2.068923 24535079 3270978

2.2 2.058@4 2433 6409 3.273393

g3 2.008245 2.,5] 6646 34277334

244 1977915 - 2.495964 3,277014

2,9 } 947724 2,474520 3.27463%
ol 2 .423353 24430867 2.483482
2 2,442 632 £.498356 £,36518
o3 2 .437790 2.942156 2644378
o4 2 .,468734 g2.5820l8 2.,711218
od 2.473311 2,617734 2.79464)
o6 2.478210 2 .649243 2.86446
o7 2.476974 2,676435 2930383
o8 2.47199) 24699334 2 4992050
4 2 463491 2,718006 3 ,049462

140 2.451 728 2.72%68 3.1023&

Il 24436979 2,743180 3 o150 740

12 2.419283 2.750034 3 194600

1 a3 2,399 681 2,753352 3 254003

l o4 2,772 2,753870 3 4265049

l o3 2.353906 2,750339 3,299877

le6 2.3268533 2474451 4 3,32 6633

}e? 2,301846 2.706149 3.,349573

148 2L274079 2,T254%92 3 ,368833

1 49 2 245448 2,721786 3 ,384637

2,0 2.216151 £ .698258 5 .397259

2.1 2.186363 2.6821217 3 +A0 6B62

2,2 2.15648 2.664393 3413683

2.3 241235940 2 ,645830 3,41 7936

24 24095564 2,86066 3 .4198626

23 2.06%228 2.805401 3,41 9551
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TABLE C-1 (Continued)

60TH 70™ AND 80TH PERCENTILES OF THE LAGNARMAL DISTRIBUTI@N
FBR MEANS AND SIGMAS FRBM 1 TQ 2.5

MEA N SIGMA 60 PERCENT 70 PERCENT B0 PERCENT
2.3 o 2.523436 2 ,5%0933 2 583494
. 2 22542950 2598634 2.665317
5 mEl R Hi
. L] [] L[] r ) [+
| 2.5 o 22577589 20709783 2.096076
: 2.5 '6 2.581174 2,752 65 2.9 667:1
- 2.5 V7 21580944 2 .780475 3033669
2.5 .8 2.51108 2180465 31096871
813 L9 255174 it 3 ai014s
; 2.5 1.l 21545644 24653110 3.2 60429
2.5 1.2 24529402 2 .86l 666 303065 63
| a2 L AT EOE L F R e i
’ L‘.-f) . 9 .' . » 8
| w0 eI O P
. e 2 0442 645 2,66 V44789
f £.5 17 2441 6797 2856356 32473353
, TN B - R
s '
j 2.8 22 332954 g 159295 6 31528571
| 2.5 Zal 2.308556 2 v804103 31540616
. £.5 2.2 C2T3714 2791764 3.549815
: H R 1 i
[ [ ] [ ] » . [ ] 289 L[]
| 2,8 249 2,182879 2.73348% 3.5&3515
! 2.6 o 2,623510 24650993 2.683523
| SO N s B
. 4 4
i 5ee " it 217843 67 € 1505700
{ 2,6 o5 24 679509 2 .821549 2.9973 75
2.6 5 2.683918 22854847 3.0 68765
2,6 iy 2654628 2 8B41 90 30135664
| 2.6 X B .68l 780 229095 60 3200827
! 2.6 'S 267555 2.930985 3.2 61065
2ee 1S 2eSoles  Sioeies  ilceats
2 G l l 2 8 « o 2 . '9(
e E 12 2. 636107 24572451 a4l 7130
| 06 L3 2.zllsl 2.5 15204 3,408l T
2.6 o4 2 260139 2 1982 65 5003 £8
' 2.6 ie5 2 2579 653 21985036 30535930
| 2.6 146 2.5561 17 2.98057! 3.567556
' 2.6 17 2 e531199 2297547 30595406
1 2.6 1.8 2 504936 2.967955 3.6196836
{ 2.6 149 2 4477599 2,958231 3.640418
| 2.6 210 2 449313 2946524 65791
. " b " n
: 3:2 g :zg g :328323 72 :gﬁsllg 3469900
l 2.6 2e3 2 2561059 2901381 3069z 13
2.6 2.4 2 1330894 2 . B83 601 30699041
206 245 2 230057| 2 B6AT26 31703009

. 218

-




TABLE C-2

e0TK o5TH ANMD ooTH PERCFNTILES @F THE LAGNARMAL DISTRIBUTIAN
FOR MEANS AND SIGMAS FRAM .1 TP 2,8

MFAN SIGMA o0 PFRCENT 95 PERCFNT 99 PFRCENT
ol ol 203303 L2112 +4950493
ol 2 2221300 360383 R53549
ol o3 +221083 +SRIGRY 1,079166
ol o4 200702 386526 1,217208
ol ) ISR214 JSEIRR] 1.,306660
ol W6 187723 D T4400 1,366951¢
o o7 « 178380 565044 1.408678
ol 2 170004 357316 1.430011
ol o8 1627238 +JARE T4 1,450 740
ol 1.0 + 186130 Q40772 1.478012
ol 14l 150215 333071 1,AB3370
ol 1.2 o} A4R30 J3287RY 1.,490047
ol 143 130009 18801 1.494]34
ol 1.4 135536 312402 1,496277
ol 1.5 131448 306265 1,ASEEDA
ol 1.6 127678 0046 1,496214
ol 1.7 24588 2040680 1.,494610
ol 1.¢ 120045 J2R0760 1.498039
ol 1. 17921 JORAR)E |, ARo25)
ol 2.0 «1 15094 J2ROL1E 1.4R377Y
| 2.1 112444 275641 1.481902
ol 2.2 00082 271375 1.,477713
ol 23 J07609 «RR7301 1,A73272
ol 2.4 J03388 2683407 1,468530
ol 2.4 103290 1259670 1.,463830
2 ol 327709 JSRS06 536823
2 2 1411046 «356224 «SR0NEY
o2 3 L LELR 661640 1.386603
»2 oA +A5460] 120766 1.71109¢8
»2 ] A3 04R J752181 1,962764
W2 6 WA42165 167361 2.150333
o0 T 431120 J77308°2 2,312036
o2 F 1419404 773033 2.434407
2 9 A0772¢8 1604098 2.533017
2 1.0 356427 763762 2.613821
2 | 383649 786604 2.,879299
o2 1.2 +3 15443 JT4RTO0 2,733%02
o0 ) 365r22 « 740457 2.7793%3
P .4 + 356760 JT31RRE 2,8)733%9
2 1.5 S4r227 2 123246 2.245234
2 1.6 D40l BE «T14633 2,876022
o2 147 «33260F « 7061 18 2,898548€
2 | .¢ 325451 6987748 2.91747%
Y 1.9 3 IRERA J6R8550 2,933357
2 2.0 312277 WOR[544 2.946629%
o2 2,] + 306201 J6T73738 2,95765%0
o 2.2 +300431 «666] 41 2.,966739
o2 2.3 254944 838751 2.9741 48
2 2.4 29718 65813617 2.980094
o2 2. 2F4735 JFAASRS 2.584762
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TABLE C-2 (Continued)

SOTH ©5TH APD 99TH PERCENTILES AF THE LUGNARMAL DISTRIBUTIEN
FAR MEANS AND SIGMAS FROM .1 TP 2.%

MEAN £1GMA 90 PERCENT  ©5 PFRCENT 99 PERCENT
] ol JA81421 WARSALT «605999
o3 2 «842971 +6761%1 1.023134
: | os‘ 03 6] 6368 JANA336 1e471478
; i o} oA 657409 «549104 | 820049
| ; od o8 676336 1.020166 2,25%711
N ) o3 N 821501 1.0011490 2.566646
o o2 1 «679387 1119870 £.e280 78
i , o3 oF +672110 1137896 $,050107
, : : o} o9 63248 1.1510%0 3,23 7488
: ! o3 1ol 640065 1.160366 3.518p22
! od 1.2 629106 1.159%79 3,651610
: ’ | o3 1.4 «609864 1.13166F 3.,242308
‘ ‘ . ber 04641 1a145643 3.5195¢1
| o3 1.6 SORITER  |JISRTIZ  3.9EE04T
‘ . , o3 le? 573274 1131187 4,047962
r o3 1.8 JSe3lee 1.12319% 4,100853
| o3 1.9 383480 1.114909 A,147660
| R Wl s L
| . -3 20 0. W10 et Vil'v
] ! o3 2.2 526522 1009191 4.,2%288)
o3 2.8 JSleal | OROSS] 4,28R026 -
I o3 2.4 510282 1071948 4,314082
: o3 2.9 502629 1,063414 4,337203
! o4 ol ,332028 VRIBLS +6RE] 09
‘ ) iy o2 .6554]7 T170 126 | 078648
] o 2 L783298 980216 | 813802
. o oA 822081 112448 1.96€1970
A o8 86621 4 1.,232190 2,806617
; oA 6 291987 | 328289 2,718206
ol .1 L9048%9 1o301547 3.117876
o ) .0 ,809201 | .441822 3.42219%
: od K] «5075938 | o ATRORA 3,6R9052
\ o4 1.0 +S02096 | 504263 3.928%08
o4 1) LE04080 1,522530 4, 133161
- oA 1.2 JHEA33D 14934733 4,316666
: o4 1,8 L073520 | 542261 4,479358
od 1.4 JBE2240 1.546164 4,624072
\ ) 1,8 50879 - 1,.547240 4.788212
! | 4 1,6 +FIRROR 14546108 4,868813
" .4 1a1 JR27069 1543234 4.972600
- ol IoF 215457 | S3RO8D 5,086033
| .4 1.9 +804037 | 33682 5,1503%9
' o4 2,0 L192854 1.,527%24 5,22664]
' od 2.1 » 781935 1.%20708 %,255792
| ol 2.2 171207 1.513367 5, 3SRSSR
. o4 2,3 . 1608 4R | 4505634 5,415738
' ‘ A 2.4 » 1508 1. 45755¢ 5,467€0%
C ol 2.9 W14 124 | JARS337 5,515312
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TABLE C-2 (Continued)

o0TH @5TH AND 9¢TH PERCENTILES AF THE L AGN@ARMAL D ISTRIBUTION
FBR MEAKS AND SIGMAS FROM .1 T0 2,4 )

MEAN SIGMA ¢0 PFRCENT 9% PFRCEMT 99 PERCENT
o9 ol 1631943 1878006 J177218
%) o2 160609 WBTARTE 14137550
- o3 72622 1.,067374 1.55753 )
o5 4 +$61634 1.241604 2.005p2
.9 o5 1.,02761 4 200860 2.452463
o5 N 1.073220 14513376 2.00576
o o1 1104373 14612423 3.270442
" of 1,123074 1.60121¢ d.64511p
o o8 14132897 14753300 3,977331
o 140 1136501 leeCi01h A277744
o5 1l 1135248 Y RSN RS 4,54FF0€
oS o0 1.130831 | EEESTE 4,723601
oD 13 1.123%02 l.g0050% 5401 4637
»5 o4 1.115258 14006757 5.014399
%) [ o 1.105413 Tabledld 2505832
o3 |6 1,004746 1906344 %.560407
- 147 | .0P353 8 1831227 5.71100226
oD l.2 1072000 1033618 5.046844
o.’ ll“ 1.0602P6 11933‘967 5.971695
o5 2.0 1048510 1.930682 6.0R6017
o8 2.1 1.,036761 1.800010 G lQ0E2
o3 2.2 1.025102 1,006043 6 087273
o3 2.3 1.013%72 1.80128) 6.375%02
o3 Lod l1.00222€6 1o 8630 62457709
o8 2.5 S0 l068 1.,800404 6.533301
o6 ol s 781653 777042 R69R3A
o6 o2 JHE2RA2 R2T0R3 A 1,21 1188
] «3 JSRI126 141671g0 1.8]0460
8 .4 1.083042 | 353502 2.,046269
o6 - 1169000 L8200 2,496460
6 o6 1.,233187 1 J6REETR .942935
o6 o7 Y 14793573 3.3752p¢
o6 o8 131 4r1R 1 £ap207 3.780091
o8 o9 14327906 | JOFADAR 4., 159809
ob 140 1403582672 24056330 4,51 1422
o6 la) 1360767 2.114745 4,825455
o6 148 © 14363002 2.18208F 6.133293
o8 | 3 ] 4262963 2.2007¢3 5.406740 .
o6 144 1.35917% 2.231740 5.657756
o8 145 1,353143 2,25€6204 %.88R202
of |46 1.,34%419 2.275793 6.1002)4
'8 1.7 1.336427 2.,200703 6.295254
o6 1.8 ] 326496 2.502100 6,474%9%¢0
o6 1.9 1.31%¢ep2 2.310301 64640883
o6 2.0 1.404709% 2.31588r) 64794200
o6 2, ] 203360 2a310046€ 6,236107
«6 2.2 1.,281730 2,30073) 7.067644
6 243 | 269529 P.320003 7.1R9 738
o6 2.4 1.250213 PJdlQlbr 7.303220
+h ) | 124645F 2316580 7,408833
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90TH 93TH AND 99TH PERCENTILES @F THE LAGNMRMAL DISTRIBUTION
FPAR MEANS AND SIGMAS FROM .1 T2 2.5

MEAN S1GMA 90 PERCENT 9% PERCENT 55 PERCENT
: .7 ol LB31419 275479 964527
. o7 .2 563760 1.067007 1 o291 449 |
: .7 .3 1.089006 1.264213 | 672466 |
o o1 o 14201145 1.,457022 2,093 129 |
! o1 .5 1.296580 1.637712 2.536704 !
| W1 .6 | .375020 1801616 2,98 T62F '
; .7 7 1 432660 1.546784 3. A38 448 ‘
’ o1 W& 1 4ARTE53 2.078190 3.86%316
! o7 o9 1,524034 2,1015%6 4.27761%
: o7 1.0 1.%53076% 2.274787 4,667249
. W1 lo) [ «565408 2,383 480 5, 082927 |
o o7 142 | J5B1%13 2,41998% 5.374%63
\ .1 1.3 | SeRicg 2.47888] 5, 692K25 |
o1 led 1.391102  2.5226¢) 1 OPERAR |
| o7 la® | 4890498 2.561793 £.263945 ,
. o1 1.6 | J5B 7266 2.554109 64519580 |
! o1 147 | 581958 2,620949 6.757189 :
i o1 | o8 14575018 2.,64PR47 §.978112 |
o o1 1.9 1.566790 2.660576 7.18385%% “
| ' o1 2.0 1557969 2.674722 T.371%472 l
o N 2.1 13847878 2.6RSTRA  T.5541€5
[ o1 2.2 | 4587004 2,604]04 1.720981
- o1 2.3 1525994 2.700284 T.R76R7% '
. o7 2.4 | ,814670  2.704384  g.02272] !
| o1 2.8 1,503 128 2.706711 £ .159309 !
[
| o8 ol 531162 974281 | 060533 !
. oF 2 1 062056 1. 163625 | 276219 '
| N o3 lo15235% 1,360300 14741794 i
| .2 ol 1.,310885 1.,886232 2.1472%2 |
( .B 8 1416089 |.744%02 2,5801960 '
.E .6 1.5065S0 l.o20482 3.02776%
) o8 1 | 582306 2.000917 3. 4TREHE
| .2 N 1644102 2.224F96 3.523040
L .8 9 1.,693677 2.,352439 4,35693 1
' .8 1.0 1.132427 2.464379 4,77323%
j .F 1ol 1762041 2.561961 5.170179
i .8 1.2 l.703998 2.646807 5.5464]2
oR 1ed 1,799%83 2.719721 8,501525
.o o€ | od 1,808818 2,782604 6.,215752
| of 1e% L JR18831 2.83676R 6.549739
1 oF | .6 1.818402 2.,2030658 6 .84 4380
! .8 o7 1.817977 2.522%7% 7.120748
- .8 ] 1.819187 2,956 168 7.31990% -
\ o8 149 1.810471 2,984599 7 6290 ,
| o8 2.l 1,79664% 3,02851% 8.06%175%
.2 2,2 |, 788078 3,045060 2.266322 f
.8 2.3 | 778694 8,058 48R 8.455421
! 8 2,4 1.768661 3.069467 2.633332
.8 2.5 1,752117 3,078019 R.E00RS |
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TABLE C-2 (Continved)
SOTH ©5TH AMD SoTH PERCENTILES AF THE LBGNARMAL DISTRIBUTION
FAR MEANS AND SIGMAS FREGM .J Te 2,5
S1GMA 90 PERCENT 9% PERCENT 99 PERCEWT
ol 1,030881 1078269 14187422
.2 1.164047 1.260607 1.464169
3 1.254263 1.,4%6252 1.816798
o4 1.417110 1.655454 2.208218
o 1.529301 | 246392 2.,629228
o6 1.6229]3 2.030373 3.069408
W7 1,719256 2.202172 3.515040
o 1.70€571 2.899954 3,969652
o8 1.84570% 2.503008 4,41 44338
1.0 1.008831 2,68 1441 4,848279
1ol 14940248 2,745891 5,267616
b2 1.872227 2.847311 5.670136 |
b od 1506083 2.,856707 6.054%23 ;
ot 2.015593 3.015489 6.420201 '
148 2.025008 3,0RAASR 6,767133 { '
| o6 2.038047 X, 144868 74095643
147 2043413 3.1975%62  7.406342 |
. 2,045708 8 ,24344¢ 7.699939 :
18 2.04941¢ 3,283108 7.977272 !
2.0 2.,042506 3.317820 g .2892] ) -
2.l 2.038762 3.347610 g, AREE8 4 }
2.2 2,03304%9 8.313211 8,720407
2.3 2,026/00 3,308008 B.541369 !
2.4 g.oIeiee 3.413689 9.15032¢ [
2. 2,009314 5.429153 9 JSAR0ZS | ,
ol 14180727 14170486 . 1,254982 !
.2 1.265865 1350172 1.554424 |
] 1395320 1.55235¢ | JR96169 .
.4 1.52121¢ | .749751 2,275099 |
.8 1688343 1.94%814 2,684115 .
o6 1,745243 2.184748 5.118062
R §,840237 2.31477¢ 3 .559656
N 1.,923267 2., ARR20P 4,0]0364
o8 1.,9046¢3 £ 63REDT 4.450%44
140 2,05522¢" 2,77 1100 4,%04929
lal 2.105664 2.910267 5,339443
Y 2,147639 80268752 5,761 15
I o3 2,1r1603 3,131322 §.168048
oA £.208751 3.224847 6558884 :
fob 2,229993 3.3087247 £.933018
146 £,246149 3.8p0a3p 7.290286
147 2.257939 5.44r300 7,630667
. 2.2655038 3.506658 7.99466]
| o® 2.2708% 3.358210 262781 ;
2.0 2,272003 3.60383 1 8.55%8488
2.1 2.272033 X,64304% R.E33607 ;
2.2 2.270696 3,673237 2.097791 .
2.3 2.7668R7 5,71005) 9. 34u7%4
2.4 261662 3,737187 9.327201
2.% 2.25528% 3.760857 8.8]3820
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TABLE C-2 (Continued)

SOTH 3TH AND SOTV PFRCENTILES AF THI LGGNORMAL DISTRIBUTIEN
FOR MEANS AND SIGMAS FREM ,1 T@ 2,5

SIGMA 90 PERCENT 5% PERCENT 99 PERCENT
ol 1.230%548 1271702 14352894
2 1.363651 | ¢ 455987 1 s 646393
o3 | ,49586) 1.64874| 1978922
o4 1.62391€8 1,845723 2,34676}
5 1,745074 2.042640 24744475
o6 | 857291 2,255643 3.165363
o7 1.,999287 2.4215F3 3,603139
oK 2.050489 2.99012% 4,030524
o8 2.130808 2.763723 4,501666

1.0 2.200689% 2.917%25 4.95131M7

lel 2.260731 s.0%%282 3.393418

1.2 2,311807 3JI8B965 ° 5,830477

) 2,3%4720 3307132 §.254084

led 2,390363 4414530 6.664489

1% 2.419369 3.511263 7.060837

| o6 2,443116 S ASRERT 74441533

1.7 2.461714 3.,677363 T.807232

.8 2.4759%97 3.748038 g.1375%

19 2,486580 3.811420 €. 452704

2.0 2,453810 I.RER174 e.813026

2, 2e408274 3.918517 9. 118965

2.2 2,500303 3.964214 °,411037

2.3 2.50022e 4.004578 94689801

2,4 2,498338 4,04047% $.9358%8

2.9 2.4%948¢4 4,072338 10,20073%
ol 1,330390 1.371212 14431197
o2 1.463385% 14954007 1. 750668
o3 1.,59060r4 1.74%438 2.06432¢
o4 1.7256R4 1.541669 2, 422358
o3 1849728 2.189120 2.8096170
o€ |.966252 2.384377 3,220938
o1 2,073906 2.%24504 34650483
2 2.1718RA 2,707163 4,0%2537
o9 2,259884% 2,880649 44341 647

1.0 2,3379959 3.043844 4,992921

1ol 2.,406606 3.186142 3. 442162

o2 2.466274 34337344 3.885910

1e3 2.517682 3.467567 €.,3214]3

1s4 2,561560 3.587146 6.746575

1.9 2,%98641 3.69€6569 T+135852

146 R.629635 3.726415 7.560182

147 2,65521% 3.887310 7.546851

1.8 2.67159%2 3.965896 e.319618

1e9 2.692513 4,044808 #.67024¢

2.0 2.705344 4,112663 9.022045%

2.1 2.714276 4,174042 9.353627

2,2 2.72153 4,208401 5.670910

2.3 2.725671 4.27951¢9 9.9750€8

2.4 2.727603 4,324%7 10,2665R€

2.% 2.727608 4,36515%4 10545889
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TABLE C-2 (Continued)

S0TH ©%TH AND SOTH PFRCENTILES @F THF L. 2omal DICTRIBUTIM
FAR MEANS AND SIGMAS FRAM .| T8 2,4
MEAN S1GMA ¢0 PFRCENT  ©% PFRCFNT 99 PERCENT
fed el 1,430251 1.470724 1,949761
led .2 1,563110 1.692424 1.238959
le3 o3 1.68€10P | 42430 2,191040
led A 1 .BP6E18 2,037742 2.501300
143 8 1.558044 2,085187 2.879044
le3 € 2.072062 2,481 702 3,200 74
Pe3 o7 2,185152 2.624832 3,702044
le3 P 2, 2FRE2Y 2,212061 4,137609
le3 9 2, 308362 2.99171% 4,522731
le3 1.0 £.4€0677 3. 162523 8,032906
fed Lol 2,584824 3,208658 5, 4R411T
143 1.2 2,612468 3.474680 5,932808
led b3 2,671 706 2.,61%4% 6,376403
Ie3 Ioé 2,723508 3,746084 5.01228)
lo3 IS 2, T6R200 3.066876 7,238 733
143 |46 2,006536 3,978205 7.654398
Pod 1,7 2,83909¢ 4.0R0565 8.0%g259
1.3 o€ 2. R66474 4,174482 R.449781
1ed Ied 2,E5020F 4,260%02 g.820452
1e3 2.0 2,807798 4,389]69 9.194131
Led 2.1 2.522688 4,411019 9,546804
1+3 2.2 2.834328 4,476562 9, 8F65ES
13 2. 2.,943C42 4,536200 10,213701
143 2.4 2.949186 4,59065% 10,9g0420
1.2 2.5 2,558052 4,640087 10, 831113
lod o 1,530127 1.570301 1.648530
1.4 2 1.562838 Lo 750058 1.9290%3
1.4 .3 1.786007 1938720 2,241 048
le4 .4 1,027520 2,134014 2,58 2858
lod o5 2.085418R 2,331134 2.951994
led o6 2.17¢012 2,528426 3.344531
led K 2,293961 2.723440 3.73176)
l.4 F 2,402290 2.514048 4,186258
led R 2,502388 3.,09R490 4.62616F
led 1.0 2.593960 3.,279428 8,073409
1ed lol 2,676983 3,443878 5,924221
lod 142 2.751641 3.603252 5,575256
1.4 I3 2.elr272 3.7%81%¢ §,423628
14 lod 2,877318 3,893%65 6.266895
led 15 2,929286 4,024562 7,303080
lad 1.6 2,874707 4,146300 7,730632
led 17 3,014124 4.289361 BolAB3I
lod 1.8 3.04g067 4,363913 €,955230
led bo 3,077046 4,460482 £.95076)
1.4 2,0 3.101%39 4,549538 &,334408
1.4 2.1 3,121880 4,631545 9,70622)
o2 2,2 3, 13FF 11 4,70607¢ 10,065¢58
1.4 2.3 3,152376° 4,77€6280 10,413444
14 2.d 3,163026 4,839009 10,749126
led 2,8 3.171070 4,88025) 11,073110
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TABLE C-2 (Continued)

SOTH 95TH AND 95TH PERCENTILES oF TME L BGNORMAL DISTRIBUTIBN
FOR MEANS AND SIGMAS FROM .| TO 2.9

95 PERCENT.

MEAN . S1GMA 90 PERCENT
o ol 1.,630016
o9 2 1.762574
3 o3 1 .893B20
o3 ) 2.0R7%22
o3 1) 2.157104
oS 6 2.2r1827
o3 o7 2.400803
o5 ] 2,51304%
o8 +9 .2,611786%
- 1.0 2.71483%%
o3 1.1 2.,803834
- 1.2 2.824501
) lo3 2,558193
o3 l o4 3.024042
o9 1.8 3,082842
9 L o6 3.i350383
- o7 3.,181081
o8 | .8 3.22145%
o5 1§ 3,256630
o9 2.0 3.287044
s 2.8 3,33%274
S 2.3 3,353899
- 2.4 3,365028
o8 2. S.381600

1.6 | 1728516

1.6 o2 1.662823

L6 o 1,995601

146 o 2,128112

1.6 o8 2.2%e28%

1.6 o6 2,384711

1.6 K] 2,506163

1.6 «8 2,621670

1.6 o9 2,730503

I46 140 2.83217%

16 Il 2,92€430

1.6 1.2 3,013180

16 143 3.052%0)

1.6 | o4 y.164612

16 15 3.229781

1o6 1.6 3,2RR165

1.8 balr 3.,340753

1.6 |8 3,3R735%

1.6 149 3.420389

146 2.0 S.,464854

1.6 2.l 3.496360

1.6 2.2 5.5240p2

16 2. 3.,5477R0

16 2.4 J.,5670¢8¢

{6 2.9 3,585022
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1669932
1 «BADES
2.037857
2.230%15
2.427086
2.624627
2,820923
3.0135e6
3.202i21
S.3039%4
3.558434
3.724812
3.882612
4,031587
4.171681
A4.3025¢04
4,425703
4,%540129
4.646608
4,743%18
4,837270
A,.522272
5.,000934
5.073687
5.140829

2765607
+ 548503
185021

!
1
2
2
2
2
2
3
3

J.489 105
3.,668597
340865
4,00%401
4,161834
4,309577
4.449703
4.%01367
A 704879

. 4 ,R20576

99 PERCENT

17390
38612

9,838325
10.21%272
10580531
10.,935333
11.,278536

1.846832
2.121068
2,423362
2,752437
5.,106610

3,483 589 -

3.880608
4.294%84
4,722269
S5.16039¢
%.603R07
€.055529
6.506853
€.957372
7.404578
7.847880
B.2RA%R3
#8.713863
9,134743
9.54646%
9.54847%
0,3403%¢8
0.,7218%6
1.092824
1453212

e e i g
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TABLE C-2 (Continued) '

SOTH $5TH AND SSTM PERCENTILES AF THE LMGNARMAL DISTRIBUTION
FOAR MEANS AND SIGMAS FReAM .1 TP 2,5

MEAN S1GMA %0 PERCENT 95 PFRCENT 99 PERCENT
1 1.7 ol 1 829827 | 69318 1,545710
| a7 2 1,962086 2,047465 2,2177713 :
! 1.7 3 2.095347 2.2825R7 2.516034 ]
; | 1,7 A 2,200)58% 2,424214 2.RIDTID
: | fa7 W5 2,359102 2,615348 3,1874%
l , 147 6 2.4RERES 2,B16547 3.957354 i
! , 1,7 7 2,610378 3,014007 3,947016
L 147 oF 2.728613 3.210038 4,35398]
: | te7 9 2,840061 3,408117 4,778237
; . 1.7 1ol 3,045443 3,775356 5,649234
, | 1.7 1.2 3.137287 3,952%38 §.,006367
‘ 1e7 13 3,222089 4,122¢10 §.24677¢
| 147 1.4 3,2988%8 4,285703 6.5 136
17 1.6 3.435493 4,560333 7.895629
1.7 1.7 3493 RF8 4,727905 R, 338373
1e? Lot 3,546450 4,859 71R 8775282
. 1e7 1.9 3.598544 4,083031 9.209264
17 2.0 3,63%836 5,10075% 2.627437
o7 2,1 3,672792 5,210460 10,041102
o7 2,2 3.,705666 5,31332% 10, 445728
17 2,3 3.734500 5,405660 10,840922 |
1.7 2,8 3,781324 5,584015 11.,602041 |
lo® .1 1.929746 1.,968059 2,044980
L8 2 2.061862 2,146530 2.514044
lo8 3 2.19%078 2,351130 2.609502
L o€ o4 2,328053 2,501804 2,528338
I8 9 2,489639 2.715733 3.270231
' Lo .6 2,568928 2,912508 3,633597
J 1.2 R 2,7136€89 3,110079 4,016462
. 1o8 ‘B 2,834220 3.306%09 4,4165%5
o 148 o 2.94937¢ 3.501566 4,.831407
| |8 1.0 3.088602 3.602784 5,258445
L8 bel 3.161497 3.879476 5,695085 ;
) .8 1.2 3.257226 4,080748 6. 132206
. 1.8 o8 3.,347492 4,23%280 6.587213 - : |
- 1.8 1.4 3,430%12 4,404345% 7.038080 ‘ .
.8 ) 3,506999 4,%6%766 7.485381 :
1o 1.6 3.577142 4,71950% 7.935304
| 1.8 1.7 3.6411R4 4,066663 @, Re62%7
. o8 1.8 3.,695410 4,006017 P BOERESD
\ 1.8 1.9 3.71%2129 5,138043 9.265958
> 2.0 3.709662 5, 2628 9.696557
| | oF 2,1 % R4233S 5,380719  10.119863
, | lo8 2.2 3.FRO4ES 5.491783 10.535%232 X
L 1.8 2.3 3,.914422 5,596327 10.942161 .
Lo 1.8 2,4 3.944453 5.604622 11.340278
- 227 5 ,
P ,
| i |
| 1 . |
B ||
' \
I ~w~~lm' N
o -




TABLE C-2 (Continued)

SOTH 95TH AND 99TH PERCENTILES OF THE LOGNGRMAL DISTRIBUTI®N
FAR MEANS AND SIGMAS FROM .1 T8 2,9

MEAN S1GMA 50 PERCENT o35 PERCENT 95 PERCENT
. 19 ol ‘ 2.029672 2.068827 2.144327 '
1 1e8 2 2,161652 2,24%83 - 2.41¢0023
} | 1.9 3 2.29 4803 £.425452 2.703645
: i 1e9 ol 2,427958 2,618776 3,018101
i | 19 o9 2,559968 2,812304 3,354667
, | Ie9 6 2,6€9744 3,008547 a.1201e
| ! 19 : o1 2,816297 3,206033 A,0884%8
i 19 o2 2,53875%¢ 3,403342 A, AB2047
1.9 o 3,056402 3,599144 4,890622
Lo 1e9 1.0 3.168655 3.792234 5.311502
1.9 1l 3,275087 3,981%%54 5,743564
; 149 1.2 3,37%412 4.166206 6.183309
. ) I8 3,469467 4,3454%0 §,628900
145 14 3,851202 4,518704 7.078249
) ) 3,638660 4,685530 7,529403
19 1,7 3,783286 4,980800 £,A30213
1.9 1.8 3, 846857 5,.144969 B.276876
, 1.9 ) 3,904533 $, 204129 5,31935¢
1.9 2.0 3,9%1791 8. 416346 $,756613
1.9 2.l 4,005720 5,541744 10.187760
1.9 2.2 4,045016 5,660450 10,612068
) 2.3 4,087572 5, 772782 11,0268943
1.9 2.4 4,12287% 9,2 TBRAS 11.,437912
1.9 2.5 4,15400% $,578520 11.,832609
2.0 ol 2.129604 2,168618 2,243739
2.0 2 2,2614%% 2,344912 2,505264
2.0 o3 2,394528 2.527873 2,798364 !
2,0 oA 2,527771 2,716343 3,108R4R |
2.0 o 2,660141 2,909063 3,440546
2.0 o5 2,790639 3,104712 3,792387
! 2,0 N 2,918544 3,301960 4,162786
2.0 K 3,042436 3,455503 4,5%0199
o 2.0 9 3.162209 3,69610% 4,550687 _
| 2,0 1.2 8,490486 4,26949% 6,230124
2,0 1,3 3.540472 4,452200 6,672324
Lo 2,0 }eA 3,680474 4,629556 T.119871 i
| 2.0 1.9 8.76647% 4.201081 7.56541 1 |
2.0 1,6 3.846535 4,966416 €.,020727 !
| 2.0 1.7 3,92077% 5,124811 B.47175%
- 2.0 1.0 3,980366 5,277614 - B.9210€8 !
\ 2,0 1.9 4,05251% 5,403256 9,367483
2,0 2.0 4,1104%6 s, ssaaan 9, 809850 |
| 2,0 2,1 4, 163439 8, 624630 10,247251 |
: 2,0 2.2 4,211727 $,220984 10,6726 |
! 2,0 2,3 4.2%%%85 5,940099 11,104087 !
| 2,0 2.4 4,29%278 6.05350% 11.522302
1 2.0 2.9 4,331068 6.160948 11,953087
i
}
|
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TABLE C-2 (Continued)

S0TH ©STKF AND 99TH PERCENTILES @F THE LAGNORMAL DISTRIBUTI®N
FOR MEANS AND SIGMAS FRAM .| To 2.9

MEAN SIGMA 0 PERCENT 93 PERCENT 99 PERCENT
2.1 ol 2.289343 R2.268427 2.343207
2.1 o2 2.,361270 2,444209 2.607129
2,1 3 2.494256 2.626438 2.893%0
2.l oh 2.627548 2.814011 3200446
2.1 o R.76019% 5.006004 3.527686
2.1 W6 2.8912e0 3.201021 3.874346
2.1 o7 3,019946 3.357921 4,289196
2.1 o 3.145418 3.593509 4.620765
2.1 o 3.,267018 3,792639 3.,017897
2.1 140 S$.,504176 3.5ne242 3.427299
2.1 1l 3.,4%6432 4,1R1340 S.,848597
2.1 1.2 3,603436 4,371087 €.279387
2.1 143 3,70454] 4,536676 6.717181
241 1.4 S.B00797 4,737%36 T«161540
2. 1¢d 3,250940 4,513183% T.610113
2.1 146 3.,975376 5,083070 2.060654
2.l 147 4,05%4176 5,24704% £.912040
2.l .0 4,12746] S.40404F g.962883
2.1 149 4,19%352 %.356361 9.411834
2.1 2.0 4,258160 5.,701526 9.838000
2.l 2.l 4,31597% 5.740333 10,300343
2.1 2.2 4,365076¢ 5.972887 10.,787274
2.1 2.3 4,417650 6.008239 11,169%48
£l 2.4 4,462060 €.,2159570 11.995048
2.l 2.3 4,502428 6.3330%¢8 12.013368
2.2 ol 2.329486 2.3 6838 2,442724
el o2 2.461007 2.943564 2,70%789
2.2 o3 £.593991 2.723119% 2.905227
2.2 oA 2.,727302 £2.911974 3.252786
2.2 o3 2,060160 S.103121 3.615929
2.2 o6 2.591722 3.2974F3 3,997044
2.2 o7 3.121191 3,493956 4,317468
2.2 4 3.,247836 3.,691443 4,693%22
2.2 o5 3.371008 3,.RERBES S.084346
2.2 1.0 3.4501 48 4, 000200 ° 3,4RE83)
2.2 1.1 3.,604796 4,279692 5.,00%053
2.2 1.8 3.714983 4,4712e2 6.,431127
2.2 1.3 J.e10237 4,659822 6,76%437 .,
2.2 1.4 3.918574 4,2431686 7.20627¢
2.2 13 4,012486 5.002286 T.652004
2,2 1.6 4,100938 9.196250 8.101049
2.2 1.7 A, 103956 5,864720 8.351544
2.2 l.¢ 4,26161¢6 5.527446 5.008333
2.2 1.9 4,334087 5.,6r4257 9.453976
2.2 2.0 4,401371 5,835049 9.,502734
2.2 8. 4,.4631794 %.%79782 10.3 4RE6E
2.2 2.2 4,521%01 6.110463 10,790283
2.2 2.8 4,574703 6.251151 11.2028486
2.2 £.4 4,603613 6.,577930 11.66099)
2.2 - 2 4,86r433 €, A08920 12.,087674
229
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TABLE C-2 (Continued)

SOTH 95TH AND 99TH PERCENTILES @F THL LOGNORMAL DISTRIBUTION
FOR MEANS AND SIGHMAS FREM .1 To 2.9

MEAN $10M 90 PERCENT 93 PERCENT 99 PERCENT
[ 2.3 ol 2,429433 2,458054 2,942084
2.3 2 £,560934 2.642971 2.804017 .

2.3 3 2,658734 2,803 890 3,085248

2.3 od 2.E27041 3.010009 8,388778

: : 2.3 o8 -2 ,96005¢) 3.200404 8,709148
; , 2.3 .6 3.052007 3.354101 4,042662
| . 2.3 1 8,.200147 . 3,.5500%8 4,397407
2,3 .8 5.34979) S, M8 1,768260

2.3 o9 $.474318 3.504948 5,153937

! ' 2,3 1.0 3.955188 4,101508 5,88302)
2.3 1el 8,711939 4,377334 5,964001

| 2,3 1.2 3.R24157 4,%70438 6, 389313

| 2,3 1.3 3,93167) 4.760495 6.8|5366

i 2.3 o4 4.034147 4,946873 7.292984

| 2,3 l48 A 181407 5,129030 7.695428

2,3 le6 4,228619 5,3065|3 2. 142406

! 2,3 o7 4.310331 3,472958 g,592183

_ 2.3 I8 4,392249 8,646072 9.043260
] 2.3 149 4,468E83 5.807653 54494601
b 2,3 2.0 4,540519 5,963 553 9.945038
) 2.3 2,1 4,607309 6.113688 10,393949
Co 2.3 2.2 AL669417 6.258025%  10.M39248
\ 2.3 2,3 4,727024 6.396577 11.2013¢28
| 2.3 2.4 4,700320 6.520882  11,7i908¢
i 2.3 2,8 4,825%03 6.65655% 12.191918
; ‘ 2,4 ol 2.52938% 2.567948 2,64|@80
l 2,4 .2 2.66078) 2,742424 2,902398
o ) .3 2,793489% 20922754 5,1019%9
; 2.4 od 2,926 170 3,108173 5.,479836
2,4 o6 3.192169 3.450875 412065

. 2.4 o7 3.32287) 3.686349 YT
2,4 .2 3.451367 3288338 4,844796

l 2.4 o9 3,577066€ 4,080928 5,225883

2.4 1.0 3.69944% 4,.278240 5,61934]

2,4 1ol 3,018051 4,474439 6,025312

2,4 1.2 8.932504 4, 66RTAS 6,441876

;o 2.4 1.4 4147811 8,049008 7.300966
2.4 15 4.248268 5,253711 7.740897

l 2,4 1.6 4,343769 85,414327 8.18%074
, 2.4 1.7 4. A3 4268 5,55027) . 633062
. 2,4 I8 4.519770 5,761297 9.083294
l 2.4 149 4.600320 5.9271¢¢2 9.534985
Lo 2.4 2,0 4,679998 6.0R760¢ 9.985841
I R4 2.1 A 746818 6.24275) 10, A360 58
| 2,4 2.2 413211 6. 302288 10, 884324

; 2,4 2,3 4.875033 6.536248 11.32982]

! 2.4 2,4 4.932547 6.674689 11.711820

) 2.3 4,985930 6.807623 12.209677
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TABLE C-2 (Continued)
90TH 95TH AND eoTH PERCFNTILES @F THE LACNARMAL DISTRIBUTIGON

FAR MFANS AND SIGMAS FRAM .1 T@ 2,5
MEAN 81 GMA 90 PFRCENT  ©9% PFRCFNT 95 PFRCENT
|
2.5 ol 2.628340 2.667013 2.741%08
245 2 2.760637 2.041918 3.000900
2eS A 3.026496 3,20645€ 3.573402
2,5 o8 3.150718 3.19%428 3 .PR6060 |
.5 o€ 3.202232 3.5 TR02 4,21 9658
2.5 .7 3.423407 3.7P2783 4.561619 }
2.5 oF 3.58263) 3,070167 4,922859
245 .9 3.679348 4,176857 5.298711
2.5 140 3,803044 A.27407¢ 5,60 7748
Fod Il 5,021286 A,57114% 6. 0RPEAS
2.5 |42 4,039693 A.76642) 6.%00724
245 Iod A, 1519053 4,959530 6.52204% -
2.5 lod 4,255020 5,14%860 7.3%1 468 ;
2.8 I8 4363100 8. 336R80 7.70 7655 |
245 | o6 4,46 1650 5.,8200F 6 R .229293 i
2.5 17 4,555403 5,699 1 £.67511%
2.5 | oF 4,64449] 8, 8736810 ©.123910
25 1.9 4, T12R690 §.04331 6 9.574%31 {
2,8 2.0 4,708168 §,20F020  10.029509
2.5 2,1 4,002981 6.,367870  10.4710%52
) 2.2 4,9%3244 €.521862  10.5270%1
2.8 2.0 5,019083 6,670F30 | 1.37%079 |
2.8 2.4 S,0P0640 . 6,8144p0 |1 .82032¢ i
2.4 2.0 5,130070 6,952¢0 | |R.262313 }
2.6 ol 2.128298 ?,76768E 2.04116%
2.6 2 P.EE0S02 2,841448 3,009%2) f
2.6 3 2.991014 3,120714 3.,375139
2,6 .4 3.126220 3,504p4¢ 3.667917
2.6 .5 3.258484 3.483150 3,977%0
2.6 o8 3.007217 3.6FARTE 4,3036R)
2.6 o1 3.%237e8 3.£79250 4.645608
2,6 N 3,653637 4,07%4@ 4 5,002601
2,6 R 3,7¢1281 4,2727FF 5,375764
2.6 Il 3.906088 4,470394 5,75808F
2,6 o] 2,021177 4,6675€0 6.1%4472
2.6 Io2 4,14%924 4,8635R4 6,56 748 .
2.6 a2 4,060213 5,087k 1R 6.5 78699
2.6 1.4 4,37038R 5,249664 7,40408 ¢ 2
2.6 ) 4,476249 5,437590 7.886670 !
2.6 16 4,571648 85,6241 22 P.2752180
2.6 bt 4,674491 5,705 5] B.718534 ]
2,6 [ 4.766724 5,00348 | 9.16%462
2.6 |8 a,854337 6.156573 ©.,614901 . :
2.6 2.0 4,9373%4 6.325046  10.06%812 | !
2.6 2. 5.C15e31 6. ARPET] 10.517223
2.6 2.2 5,000 4F 6.647317  10,96R234 Do
2,6 2.3 5.159507 6, B00EST 1 1,418017 :
2.6 2. 5,024921 6.04936! 11865817 ,
2.6 2.8 4, PRE241 7,09260%  12,810950
281 .
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APPENDIX D -~ MAINTENANCE TIME STANDARD DATA
The data colleoted for establishment of the maintenance time standaxrds
desoribed in section 4 is presented in this appendix, Table D~1 provides a listing
of the task categories for which data was collected. Table D-2 presents the data !
collected, Each column in table D-2 presents the data collected for the correspond- |
ing task type of Table D-1, Also included in Table D=2 is the quantity of task data |
(N) oollected for each type, the mean of the data (6), and the standard deviation of i
the data (0j. All times are in seconds. |
1
|
|

Precading page biank o
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TABLE D-1, DETINITION OF DATA SET CODES

Data Applicable
Set Time Stand- Description
Code # ard Number
1 1A Remove Screws (phillips)
: 2 1B Replace Screws (phililms) !
| 3 1A Remove slot head screws
, , 4 . 1B Replace slot head sorews ,
‘ i | 5 TA Remove machino sorows (w/wiasher & nut) ‘
| : 8 b} Replace machine screws (w/washer & nut) ;
| l 1 7 3A Remove captive fastencrs ,
i '. , 8 32 Replace ocaptive lt;mit;emam ‘
. . 8 8 Remove nuts or bolts .
‘ | 10 8B Replaco mits or bolts } With & wrenoh |
: : 11 10A Disengago drawhook latch !
: 12 108 Engage drawhook latch |
! 13 46A Romove adhesive from a PCB or component
' 14 46B Apply adhosive to o PCB or component
; 15 16A Resmov:a~l 8 lead from u turret
termin
1d i)z ) Conneot a lead to a turret No soldoring time
terminal
b 17 21A Remove disorctos from a PCB
' | 18 218 Replace disoretos on a PCB
| 19 23A Remove an 8 pin IC from 4 No soldering time
, POB (DIP)
‘ 20 238 Replacc an 8 pin IC on a
| 21 25A Demato 5 BNC t
mate connoctoy
P | 22 265 Mate & BNC oonnector single pin
i ’ 23 20A Domate & friction locking connector with jacksorew
24 29B Mato s friction locking connector with jacksorew . i
| 20 32A Remove a DIP IC from a sancket
| 26 32B Roplave a DIP IC in & socket I
27 34A Remove a PCB (g‘ulg'ud) '
28 34B Replace a PCB (gulded) .
20 37A Romovo a PCB (not guded) [ NO tool usod (80 pin)
o 30 37B Replace o PCB (not guided)
,' 31 404 Hand preparo a wiro (strip leads) !
( 32 41 Cut sleoving |
33 42 Dross wirc with sleeving ;
- 34 43 Crimp lugu |
i 35 49 Soldering a load on a PCB !
36 48 Soldoring a load on a terminal post C
‘ 37 52 Desoldoring with braided copper i
- 38 53 Dosoldering with a solder suckor
l 39 DA Romove a retaining ring |
| 40 B Repluce a retaining ring i
41 18A Remove a termipoint clip ; [
\ I 42 188 Repleoce a termipoint clip i
o ' U
[ ' . 234 l
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TABLE D-1, DEFINITION OF DATA SET CODES (Cont)

Data Applicable
Set Time Stand- Desoription
Code # ard Number |
43 39 Cut Wire |
. : 4 198 Wire wrap using & hand gun |
| : 48 10A Unwrap using & hand tool |
. ‘ 46 124 on butterfly latch '
R | |
' , 8 3 move an ATR latch (pair)
v, 49 13B Replace an ATR latch (palr) ’ Spring loadsd |
'- \ 50 57A Remove & threaded cover ;
b 81 578 . Replace a threaded cover |
S 52 34A Remove 40 pin oaxrd with tool !
, 83 34B Replace 40 pin caxd with tool ,
: { 84 B55A Open drawer
! ! 5B 55B Close drawer
' 58 85A Remove 80 pin caxrd with tool !
| Ly 388 Replace 80 pin caxrd with tool
| 58 14A Disengage a Ift & turn latch
o 148 Engage & lift & turn latch
80 54A Open panel
‘ : 61 54B Close panel
' 82 53 COlean small surface with alocohol or any
\ ' : other solution
63 43 Trim leads
‘ ' 84 42 Form leads with pliers
i a5 49 Tin leads of a flatpack 10 by dipping
: proocess
‘l . 66 62 F%:;m leads of a flatpack IO by using i
a die !
) e 228 Position flatpack I1C on PCB |
68 48 Reflow solder .
| 1) 27A Remove quick disconnect coax conneotor I
70 278 Replace quiock disconnect coax connector ,
. . 71 26A Demate multipin BNC
N 72 268 Mate multipin BNC |
’\ 73 30A Demate a threaded connector (single pin) ;
! 4 30B Mate a threaded connector (single pin) !
- 8 5A Remove s TRIDAIR fastener
18 5B Replace & TRIDAIR fastener ‘
' n BEA Remove a display light 1
' [} 58B Replace a display lamp
I : ™ 37A Remove a module (guided) 1
’\ 80 378 Replace a module (guided
81 31A Demate a slide locking conneotor
l 82 318 Mate a slide looking conneotor




e

TABLE D-1, DEFINITION OF DATA SET CODES (Cont)
Data Appliocabla
Set Time Stand- Desaription
Code # ard Number
88 46A Remove oonformal coating
B4 46B Replace conformal coating
88 24A Remove & 18 pin IQ from a
POB (DIP)
86 24B Replace & 18 pin ICon & No soldering
PCB (DIP)
: 236
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APPENDIX E — REGRESSION ANALYSIS FOR LOW TEMPERATURE WORK FACTORS
The data obtained from Test Methodology Research Investigation of Maintenance
Performance in an Arotic Environment was analyzad using a linenr regression pro-
gram, The program implemented uses Newton's least squares approximation to fit
the beat posaible line to a set of data points. In order o fit curves such as; exponen-
tial, hyberbolas, and powor functions, the dats was transformed o that the linear
forms of the models could be fitted.
The various models that tho data points were fitted against were;

Function General Form Linear Form
1 LINEAR Y =A X +A, Y=AX+A,
2 EXPONENTIAL y « AeBX LN(Y) = BX + LN(A)

3  DPOWER FUNOTION Y =AXP LN(Y) = B(LN(X)) + LN(A)

. S -B) -
4 INVERSE Y ®0) +B 1/(¥=B) 2 (0 + C/A
The above models were run for each data set obtained from the previously men-
tioned dooumant. The program set up transformed the data by the following trans-

formation equations:

! = '- - -
LINEAR Y =Y X'=X Bo Bo B1 31

EXPONENTIAL Y' = LN(Y) X' =X B, = LN(A) B1 =B

POWER FUNCTION Y' = LN(Y) X' = LNX) BO = LN(A) B,=B

INVERSE Y'=1/(Y-B)* X'=X By=C/A B, =1/A

*B {g a constant that translates the curve up and down the Y axis,

The results of cach model are tabulated on the following pages. The model that
exhibited the best results was the inverse model, The data sets with high correlation
were averaged together (weighted by the correlation coefficient) to produce the model

" Proceding page biank
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shown below.

652,07

Y= &+ 72, 49)

where Y = the multiplioation factor for the repair time

X = the temperature in (°F)

CORRELATION ANALYSES RESULTS

LINEAR MODEL ~Y = AIX * Ao

+ 0,718

B A0 A R

1  8.706 0.114 0.508

2  1.543 0,884 0,608

8 9.358 0.740 0,451

4 5794 0,020 0,393

5  7.441 0.060 0,203

6 164,15 0.113 0,459

7T 12,26 0,130 0,874

8 12,98 0.116 0,613

EXPONENTIAL MODEL ~Y = Ae
Number %0 A R

1 2,410 0,006 0,482

2 1,204 0,011 0,826

3 2,240 0,006 0,505

4 1,735 0.004 0,458

5 2,086 0.004 0,833

6 2,842 0,004 0,472

7 2,611 0.008 0,639

8 2,604 0.005 0,554
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POWER FUNCTION MODEL ~ Y = AxP

Namber %0 M R
1 2,207 0.160 0.329
2 0,339 0.417 0,767
8 1.874 0.239 0.520
4 1,322 0.177 0,507
5 1.642 0.188 0,938
86 2,615 0.140 0,362
7T 2,180 0.220 0,564
8  2.280 0.182 0,482

INVERSE MODEL

Data Set ODEL’
Data Set Ay B R MODEL
1 0,030 0.00009 -14.3 0,478 | ¥ =Ll 44 5
4 0,974 0.00881 2,03 0,020 | Y =g 11& U 2,08
-149
30,339 0,00072 8,14 0770 | ¥ =2 v 8,14
4 0.612 0,01208 4,81 0.802 |Y =g gsr+ 4.8l
6 0,228 0,00162 7.18 0,388 —“’%—6-6-+ 7.18
6 0.220 0.00006 -20.4 0,475 | Y = o000 - 20,4
7 0,244 0,00434 13.74 0.788 Y-x23° +13.74
8 0.002 0,00026 0.0 0,574 |y =3300.E
MODELL LINEARIZED MODEL:
A 1,1
Yegig+B Y-8 TX + C/A
Ag=1/A
Ay = C/A
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DATA OBTAIN

!

D FROM MAINTENANCE PERFORMANCE

Repair Action
#1

Repair Action
#2

N AN ARCTIC ENVIRONMENT

Temp' (°F) Time (Min, )

11, 75
-20, 00 15, 00
=20, 00 13, 00
-27, 00 13, 80
-24, 00 17.00
-61,00 34. 00
-32, 00 22,00
- 1,00 21. 00
- 1.00 15. 80
- 2,00 12, 00
-20.00. 22,00

Temp*®F) Time (Min,)

-20, 00
-16. 00
-27. 00
-14, 00
-28. 00
-238, 00
-13. 60
- 9,00
~47. 50
- 5. 00
-36.00

3,430
10, 80
7.00
8. 80
10,00
g. 50
8. 50
8.00
8. 60
18. 0v
8,00
9.00

Repair Aotion
#3

Repair Action
L

Temp*(°F) Time (Min.)
8. BO*
28,00 17,00
~48, 00 14,00
=20, 00 19, 50
~13.00 10. 00
~ 1,00 12, 50
~16,00 21,00
- 9,00 20, 50
- 5.00 14,00
~34. 00 22, 00
-34.00 11, 50

Termp*CF) Time (Min,)

~20, 00
~28, 00
-28. 00
-22.00
-24. 00
=10, 00
-18,00
- B.00
-34, 00
-21,00

*The temperature given is the equivalent windohill temperature,
**This time is the average time to pexform the task indoors,
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B, 13%*
8,00
7.00
11.00
1.00
8,00
8.00
10,00
11. 00
9. 80
7. 80
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Temp*(®¥) Time (Min.)

-24,00

-29. 00

~25, 00

~11,00

Repair Aotion -54.00
5 -27.50
~14, 00

=10, 00

~ 4,00

=82, 00

7.50%*
15,00

9.00
12.00

10,00

8.00
27.00
7. 60
12,00
10. 00
19. 00

Temp*®F) Time (Min,)

~29, 00

_ ~25, 00
Repair Action ~11,00
¥ «54, 00

~27. 80

~-14,00

18,00

- 4,00

-34.00

16, 3%
28,00
24.00
20,00
27,00
38. 00
16, 00
26. 00
21,00
38,00

Repair Aotion
¥7

Repair Action
#8

Temp' °F) Time (Min.)

-29.00
=26, 00
=11, 00
<54, 00
-27.80
- -14.00
~19,00
-.4,00
-32.00

14, 80**
27.00
24,00
18,00
28,00
37.00
16.00
23.00
20.00

.36, 00

Tomp'(°F) Time (Min,)

«-29,00
-28, 00
«11.00
~84.00
-27. 80
-14. 00
~19,00
- 4,00
-32,00

*The temperature given is the equivalent windchill temperature,

*xThis time is the average time to perform the task indoors,

18, 10
44,00
22,00
17.00
24,00
36.00
14.00
21,80
18.00
30,00
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APPENDIX F ~ SAMPLE DETAILED PREDICTION
A detalled prediction was performed on an existing airborne Radar in order to
demonatrate the use of the detailed prediction methodology. The evaluated rad v was
selected since it had a relatively amall quantity of Rls at the organizational level i
(lve. flight line) and had a detailed BIT and maintainability analysis proviously per~
formed, Therefore, the prediction procedure could be easily {llustrated and compared
with the previous prediction. The following sections present the atep by step prooed-
ure involved in implementing the detafled prediction methodology.
Define the Prediction Requirements and the Maintenance Conocept I
The prediction ground rules for this nxample were:
e the maintainahility parameter to be predicted is M'I'TR ‘
o the prediction is for {light-line (organizational) level oovrectise
maintenance .
e the elemental maintenance activities included in the MT'TR are:
- fault {solution
- disassembly
~ {nterchange
= yeassembly
- check out
e faults will be isolated to a single R or RI group via BIT/Diagnostios
and/or operator observations
¢ When faults are imolated to a group of Ris, iteratlve replacament will
| be performed until the fault is correocted, i
} : ¢  The following unite are defined as Rls:
o =001 RF Oscillator
‘ } - 011 Transmitter
,\. -022 Reocelver
™ : =031 Antenna
! ~ 039  Anulog Procossor
- 041 Digital Prooessor
=081 Data Processor
=~ 541  Radar Set Control
~ 610 Power SBupply
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Identify the Fault Isolation Outputa

The fault isolation outputs are those BIT/Dlagnostic/System symptoms which
inform the techniclan what repair action to perform. The faulty RI(8) will be 1so -
lated either by a latched BIT indicator or by observation and interpretation of the
data presented in the bit matrix displayed on the pilot's console, The subjeot radar,
by virtue of its dictated maintenance concept, imposes a vondition of primary and
secondary FD & [ outputs. For each fault which is detected by BIT, thereis a
corresponding output on the BIT Matrix. Depending on the speoific fault, there may
: ' also be a unit BIT indicator latched or a system BIT indiocator latched, The mainto-
nance concept requires that if a unit BIT indicetor s latched, that unit is assumed
faulty and replaced without regard to the BIT Matrix output, Then, if the faultis
not cleared, the BIT Matrix is reviewed and further repair actions are taken,

Table F~1 identifies all the unique fault 1solntion outputz that are asmociated with the
subjeot radar. The designation BMR-x denotes n unique display on the BIT Matrix
as defined in the radar maintenance manuals.

FD & I Output and RI Correlation _

The FD & I Outputs and RI correlation analysis sre presented in two ways, The
first presentation, shown in figure F-1, {8 a D & I Output Tree which shows 1) for
each output which test, status monitor, or other ¥D & I feature(s) can generate that
output, and 2) what RI(s) or portion(s) thereof are fault 1solated with that particular
feature. The tree was dertved using information from a previously performed BIT
analysia,

The sacond method of presenting the correlation is by the Maintenance Correlation
Matrix shown in figure F-2. Tho unique fault isolation outputs (}) are listed down
the side of the matrix and the RIs (n) are listed across the top. The intersection of
each row and column provides 3 pleces of datar (1) 'The fuilure (Anj) rate of the nth
RI isolated by the jth fault isolation output, (2) the order (Knj) in which the nth RI is
replaced glven that the jth fault 1solation output ooours, and (3) the corrective main=
tenance time (an) glven that the nth RI 1a fuiled and the feilure 1s isolated by the jth
fault isolation vutput, The ocorrective malatenance time 1s derived from the Mainte-
- , nance Flow Diagram desoxribed below.
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Preparse Maintenance Flow Diagram

The an values contained in the FD & I output matrix are extracted from the
maintenance flow diagram (M¥D) shown in figure F~3, The MFD shows the mainte-
nance repalr procedure for every unique "§' FD&I output. The times for each ele-
mental maintenance activity are based on time line analyses extracted from the pre-
viously prepared maintainability prediction. Normally these times would be synthe-
sized using the timeline analysis approach of section 5.1.%.

The time for each elemental maintenance action is entered in the appropriate
activity box along each repair path and the total time (an) 1s found by adding all the
elemental times from tho starting point (i.e. fallure ocours and is deteoted) to the
appropris ‘e end point for each ''nj'" set, These times are then entered in the
maintenance correlation matrix (flgure F-2),

Compute the Maintainability Parameters

Onoce the maintenance flow diagram (MFD) has been completed and the R, values
entered in the maintenance correlation matrix, the RI average repair times (Ry)
and MTTR can easily be computed by:

J.
Mnjfng
R, = ”
2"
and
N
"n Rn
MTTR = 'nTx‘—'*‘”"
>‘11
n=1

The predioted MT'TR for the subject radar 1s 20. 78 minutes, Table F-2 liste
the associated times (Rn) for each RI that make up the MTTR. As shown above, the
average time for each RI 18 computed by determining the fallure rate weighted
average of the repair times associated with each FD & I output (result) for that RI,




5

Lol N

Table '~2. Predicted RI Repalr Times and System MTTR

n An R, M Bn

1 79.720 12, 88 1026, 96
2 228,967 41.10 't 9327, 683
3 40,779 18. 45 762,21
4 233.671 43.78 10226. 87
] 126,982 13,61 1727. 711
;] 663, 186 11.28 7479, 36
7 181.636 11. 80 2106.66
8 9.061 11. 36 113. 11
9 27.476 10.46 287.51
z 1580.208 33047.8

N R

z, . 33047.8
MTTR = E;:_.._____ 1560, 268

2, Mo
ne

as7

20,78 minutes
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Appendix G — SAMPLE EARLY PREDICTIONS

This appendix contains two sample predictions performed using the early
prediotion methodology presented in gection 5.2, Two samples are given to show the
two different methoda that can be used when applying the early prediction technique.
The first sample 18 a maintainability predioction on a communioations terminal using
the prediction equations at the syastem level, This sample prediction is based on the
fault isolation requirements that were specified by the buyer, therefore analysis of
the fault isolation oupabilities was not necessary,

The second sample was a maintainability prediction on a data processing and
display subsystem. using the prediction equations at a lower level, This sample
demonstrates how estimates of the fault isolation resolution can be determined and
used in the prediction equations,

Both prediction methods provide an MTTR estimate. The MTTR obtained in the
first sample 18 the mean repair time expected if the specified fault isolation require-
ments are met, The MTTR obtained in the second sample prediction is the predicted
repalr time of the system based on the capabilities of the fault isolation procedures.
The method used for the second sample prediotion is preferred since it prediots the
mean repair time based on the actual system oharacteristica, The first method
should be used when design data is not sufficiantly developed to assess the actual
fault isolation characteristios or for assesaing if the specified requirements ave
consistent und fensible.
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SAMPLE G-1~_EARLY MTTR PREDICTION ON A COMMUNICATIONS T ERMINA L
— UTILIZING THE SPECIFIED FAULT ISOLATION REQUIREMENTS

In order to demonstrate the early prediction technijue the procedure was
implementod for an existing communications terminal, The following sections con-
tain the step by step procedure involved in performing the preliminary prediotion.
Definition of the Predioction Requirements

The communications terminal MTTR was predicted for flight-line (organizational)
level maintenance. The elemental maintenance tasks included in the MTTR require-

ment were:

o fault isolation
disagsembly
interchange
reassembly
alignment

cheakout
Therefore, the preparation, spare retrieval, and start-up time are ot a part of

this prodiction,
Definition of the Maintenance Concept
The definition of the maintenance concept determines which models will be used.

For the communioations terminal the following concepts hold true at the organizational

level;
1, The following units are removed and replaced as Ris on the flight-line:

& Transmittor/Reoeiver/Processor (IPU)

High Power Amplifier Power Supply (HPAPS)

Low Power Amplifier and Power Supply (L.PA/PS)

Unformatted Message Element (UME)

Antenna Interface Unit (AIU)

Secute Data Unit (SDU)

2. 'The following units have Rls within them removed and replaced on the
flight~line:
e Control Display Panel (CDP)

e High Power Amplifier (HPA)
For failures of the CDP and HPA enclosure parts, the entire unit is replaced,

Tor ambiguous fault isolation (1. e, fault isolation to a group of Rls), Kerative
replacement is performed until the fault i{s corrected.
5. Reassembly is required after each replacement prior to check-out,

3.
4.
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Determination of the Prediction Parameters
In order to perform an early prediotion on the communications terminal the

following data was necessary:

e preliminary definition of the primary replaceable items (RIs)

© the estimated failure rate of each RI

e tho puokaging (l.e., access and interchange) of each RI

¢ the baslo foult isolation approach for each K1

‘The dnte necesusrry to perform the pre.ivtion was vollected on forms similar to
the ones shwwn in figures 66 and 47 of section 6,2, 3.

First, all the unique tasks assooiated with sach slemental maintenance notivity
were listed on form B (Table G-1), Then times wexre synthesized for each unique
task, An example of how times were syntheaized is shown in figure G-1,

Nest, all the primary Rls were listed in the left most column of form A
(lable G=2). Within each alemental activity type (e.g., fault isolation, disassembly)
the type(s) of that aotivity assoociated with sach Rl was identifled. The RI failure rate
agsoriated with each elemental activity type was then entered in Form A, For
example, the TPU faults were isolated entirely by otf-line diagnostics, mo the entire
fuilure rate of the TPU is entered under fault isolation typs 1. Note, the total failure
rate of each RI must be ncoounted for within oach elemental maintenance activity (s. g.,
fault {solation, dianssembly, ato,),

The onlumns corresponding to eush unigue task were then summed up to deter-
mine the total failure rate assoolated with each tusk, ‘I'able (1-2 shows the completed
form A for the communioations terminal,

Next, the fallure rates associated with eunch task (Amy) were antered in form 1,
The completad form B for the communioations terminal is shown in 'I'able G~1,
Selection of the Prediction Models

From the definition of the prediction requirements (step 1) the general form of
the model for the MTTR ia:

MITR= Ty o Ty Tpr T + Ty + Ty

Tye
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TABLE G-1. RI DATA ANALYSIS SHEET B

MTTR

Type

Element (m) v) Description m, m,
Proparation 1 | Not Applicable - -
Fault Isolation 1 | Ofi-line Dingnostics Direct Readout 2 1750

2 | LED Indicators 2 278 1
3 | Operator Interpretation 10 193
4 | Off-line Diagnostics & Operator 4 405
Interpretution
5 | Off-line Diagnoastica & LED examination 3 84
6 CDP Self Test ) 280
Spare Retrieval 1 | Not Applicable - -
Disassembly/ 1 | Open CDP front panel, remove retaining bar, | 8 82
Reassembly reverse process
2 | Remove & Repliace HPA top cover 5 278
3 | No disassy/reansy required - 2584
Interchange 1 R/R TPU 8.9 | 16086
2 | R/R LPA/PS 5.2 | 108
3 | R/R UME 6.2 | 268
4 R/R SDU 8.0 9l
b R/R AU 10.8 21
6 | R/R HPAPS 3.1 43
7 R/R HPA Modules 13.0 278
8 | R/R HPA enclosure 8.6 117
] R/R CDP carde 0.9 68
10 | R/R LED Assy 3.8 | 259
11 R/R CDP PS 4.9 9
12 | R/R 8w, Pansl 33.0 3
13 R/R Ind. Sw. 8.1 16
14 R/R Rotary Sw, 10,6 2
156 | R/R CDP Enclosure 60,0 67
Alignment 1 None Required
Checkout 1 | Run Diugnostic a 13434
2 Load Program Run Diaghostic i
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REMOVE GAPTIVE FASTENERS 18 0018
DISASSEMBLY {OP!N COP PANEL, '"180.10

REMOVE P/$ WIRING FROM SCREW TERMINALSi 4¢02

REMOVE P/S BOLTS 4 ¢0.21
INTERCHANGE § REMOVE/REPLACE PS8 MODULE - 1@o0.20
REPLACE P/8 ROLTS G ® 0.44
REPLACE P/S WIRING I 400,48

CLOSU COP PANEL 19010
REASSEMBLY {nnm.ncl: GAPTIVE FASTENERS 18 90,20

T FOR A FAILED COP P/8 1S 13.38 MIN,

2.70
0.10

0.92
1.28
a.2¢
2.64
1.80

g

0.10
3.60

Figure G-1, Example of How a Time is Synthesized
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For the communications terminal, alignment times were allowed (T ,) but no

alignments were necessary, therefore the model reduces to:

MTTR = Tm I TFC + TC

The models selected for the above elemental tasks were extracted from the fifth

row in Tahle 52 pertaining to isclation to a group of Rla, iterative replacement,
multiple access, and reassembly required for ocheckout. The models are:
Fault isolation time:

Fl
k‘l}\v TFI
Toom¥sl
¥l Arp

Check=~out time:

A

C
Z }‘v TCV

T
T

Fault Correction time:

Tpe = B T+ T+ Tp)

M for checkout,
Ay va
T =
T
m = D,LR
303

o = 'SI -Y"—l—}‘-—-—- (reassembly 18 required for check-out)

The maintenance ooncept oalls for iterative
replacement, and reassembly {8 required

e R e
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g

§I waas determined by computing the average number of iterations required to

correct a fault from the specified requirements:
90% to 1 RI
95% to = 3 Rls
100% to < 4 Rls
Therefore;

_ 90+ (95 - 90) (f’—%—zj) + (100 - 95) (4)
5= 100

EI = 1,226 iterations required per repair action

Computation of the MTTR

Onge the models were selected, the MTTR was computed using the models and

the data tabulated in form B, The resulting times for each elemental task are:
.TFI = 3,10 minutes

Tpe = 5; 979 = 11,99 minutes
co = 5,473 = 5.79 minutes

*MTTR = 3.10 + 11.80 + 5,79 = 20, 88 minutes

*The predicted MTTR is based on the assumption that the specified fault {solation

requirements have been met.,
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SAMPLE G-2 ~ EARLY PREDICTION OF A DATA PROCESSING AND DISPLAY
SUBSYSTEM WHEN THE FAULT ISOLATION RESOLUTION I8~
ESTIMATED

A second sample prediction using the early prediction methodology was performed to
filustrate 1ts application when fault isolation resolution is estimated at a level below the
system, The sample shows the prediction procedure when the following data is available,

e Desoription of equipment (a) to be predicted including a preliminary definition
of the replaceable items
Estinated failure rate of each RI
Packaging (1.8, access and interchange) concept for each RI
Alignment requirements for each RI

e Basic fault isolation approach for each RI or by RI groups
Definition of the Requivrement

This sample provides a prediction of MTTR for the organizational level corrective
maintenance of the Data Processing and Diaplay (DP&P) Subsystem shown in figure G=2,
The prediction covers all fallures of the subject subsystem which are designeted as
repairable by organizational maintenance level personnel.

Definition of Maintenance Conoept

The DP&D is maintained by a combination of resident (l.e., organizational level)
maintenance personnel and contact taam (1, e., intermediate level) personnel, Repairs
are accomplished by fault isolation to one or more Ria and replacement of the suspect
Rls iteratively (with checkout after eauvh iteration) until the faulty RIis located, A
definition of Rls,  their respective failure rate estimates, and designation of the
authorized RI maintenance level is shown in Table G-3,

Determine the Prediction Parameters

The next step in predicting the MTTR for DP&D subsystem is collating the data
necessary to perform the prediction. First each unique method (vth) for performing
each (mth) elemental maintenance activity 1s tabulated., For example the alignment
activity can be broken down to RIs that do not require alignment and the RIs in the
display console that require some alignment or calibration,

All the unique tasks involved in maintaining the DP&D subsystem are tabulated
inTable G-4.
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[ COMPUTER A MINAL I

I CONTROLLER I.—.r

DISPLAY
CONSOLE

Disc
UNIT

Figure G-2. Data Processing and Display

(DP&D) Subsystem Block Diagram

201-88528

TABLE G-3. DEFINITION OF RIs
Qty Total
of Failure
RI Desoription RIs Rate Level of Repair*

Computer

AU/PCU CCAs 21 286 o

Memory CCAs 16 80 0]

Buffered I/O CCAs 9 45 0

Console I/0 CCAs 3 16 0

P/8 4 257 (0]

FIU 4 20 1

Panel/Cabinet Plece parts - 5 1
I/0O Terminal 1 1400 (0]
Controller

P/s 2 60 (o]

Processor CCAs 12 428 o]

Disc Interface CCAs 2 25 o

Display Buffer CCAs B 18 0

Display Driver CCAs 1 8 (o]

CCIU CCAs 8 B @)

Panel/Cabinet Plece parts - 6 1
Disc Unit 1 600 (@]
Display Console

I/0 CCAs 2 53 o

Display Electronics CCAs 9 1524 0

P/8 6 124 9]

Panel/Cabinet Plece parts - 10 1

* O - Organizational level maintenance

1 - Intermediate level maintenance
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TABLE G-4, RI DATA ANALYSIS SHEET B

T A
MTTR Element (m) | v Description of the vth Method m, m,
Preparation 1 [ No preparation time, fault isolation capa- - -
bilities melf contained, Technicians and nec-
essary support equipment (e.g., tools,
manuals) {n immediate vicinity, No equip-
ment warmup or stabilization time required,
Fault Isolation 1 | System Diagnostic 2.0 | 2118
2 | Computer FI Unit 8.0 a75
3 | Computer Maintenanoce Panel 1,0 267
4 | System Diagnostic & Controller Diagnoatic 2,0 523
6 | Controller P/8S Indicators 1.0 80
8 | Display Patterna 10,0 | 1524
7 | Display P/B Indicators 1.0 124
Spare Retrieval 1 | No spare retrieval time, spares are - -
co=located with equipment
Disassembly/ 1 | No Disassembly/Reassembly 0.0 | 2000
Reassembly 2 | Computer Card Rack 0.28 | 436
3 | Computer P/8 Drawer 0.38 | 287
4 | Controller Card Rack 0.28 6525
5 | Controller P/8 Drawer ' 0.33 80
6 | Display Card Drawer 0.76 | 1877
7 | Display LV P/8 0.75 24
8 | Display HV P/8 8.64 [ 100
Interchange 1 | Computer CCAS 0,11 436
2 | Computer P/8 6.10 | 257
3 | 1/O Terminal 10.0 | 1400
4 | Controller CCAS 0.11 626
5 | Controller P/8 6.10 50
6 | Disc Unit 10,0 800
7 | Display CCAS 6.20 | 1677
8 | Display LV P/8 8.10 24
9 | Display HV P/8 6.60 | 100
Alignment 1 | No Alignment 0.0 4919
2 | Display Symbols 10,0 60
Checkout 1 | Bystem Diagnostic 2,0 34456
2 | Display Patterns 6.0 1624
Start-up 1 | No start-up time - -
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Times associated with each unique malintenance aotivity are synthesized using
the maintenance time standards of section 3,0, or engineering judgement. Those
times are also tabulated in Table G-4,

The next task is to correlate each activity type with the associated Rls, For
every RI that is associated with a unique activity an appropriate failure rate is
denoted in Table G=5,

Selection of the Prediction Models

Onoe the data was collected the appropriate prediotion submodels were selected,
according to the maintenance philosophy., Using Table 62 and identifying the
appropriate maintenance philosophies, the following submodels were selected:

l
Z A, Trr
-~ yu] v v
Fault Isolation Ty & ——op——
¥l v
Bl \
2,
ym]l
-
[ Vi/m
Z "D/Rv (TD + Ty )
. - — — - 1 v v
Disassembly/ T +T. =T =g |X=
Reassembly D"'R 'D/R I Vo/R
> o,
L =1 i
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Interchange TI- S’I e T

Alignment T, To—

i
Checkout ‘I‘C = v

Computation of §

The speocified maintenance concept requires that a value for 'S'I (the average num-
ber of iterations of RI replacement required to correot a fault) be computed before the
values of T, T, and T, can be determined. 5| is established by dividing the sub-
gystem into "'G" grouping of RIs for whioh values of H(I)g can be ostablished, The RI
groupings as shown in figure G-3 were established according to the following criteria:

o The Rl sets are determined at the loweat level at which a fault 1solation resolution
can be eatimated.

o The RI sets are independent of each other,
The RI sets inolude only those Ris spocified for inclusion in the prediction,
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Figure G-3, Mapping of DP&D Subaystem into G RI Sets

The RI sets which were established are listed in Table G-8 along with the fault
isolation resolution for each set. E(I)g for each set is computed from;

(N +1) (N +N2+1) (N +N3+1
. * (%~ Xy) +(100 - Xy) )
(I)g 100
where the fault isolation resolution is expressed in terms of the number of interchanges
necessary to accomplish repair, as:
|
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Xl% to N1 Rls
X,% to Ny RIs or less
100% to Ng Ris or less
The overall resolution (El) is computed as:

G

E AeE

1 : Og 7802, 81

] -L [ L

5 5 o = L7

Table G-6 presents the computed values for EI and B(I) (for aach met),
8

Computation of MTTR

There are two approaches in computing MTTR for this example. A prediction of
MTTR  for each of the Rl groups can be accomplished first, with a secondary predic~
tion of the subsystem MT'I'R, or the subsystam MTTR can bs computed directly, For
this example both approaches nre shown:

Approach Number 1

This approach first computes the average repair time for esch RI set (g), then
computes the uverall repair time by taking a failure rate weighted average of the RI
sets,

An additional column (g) was inserted into Table C-5 to denote which Rls
belonged to each Rl set, Normally each RI set would be tabulated on separate
Form A'as, but due to the simplicity of the data available all the RIs were tabulated
on one form,

Using the submodels that were selected, the average times for each elemental
activity were computed for each Rl set (g) and tabulated in Table -7,

The MTTRg for eech RI set was computed from

MTTRg = Trrg * Sg) T D/mg * Trgl* Tag* Ty
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‘The overall subsystem MTTR is then computed by taking a failure rate weighted
average of the average repalr times of each RI set,

MTTR =81 = 17,23 minutes

The repair times of each equipment can be computed by taking a failure rate
weighted average of the RI sets associated with each equipment.

G
Z A WTTRg

MITR =E% "

A, = failure of the gth RI set associated with the E equipment

Eg

Approach Number 2

The second approach computes the average repair time at the system level instead
of the RI set (g) level as was done by approach one. This approach requires fewer
steps and can save time if lower level predictions are not required. First, the failure
rate assoclated with each vth type of each mth eiemental maintenance activicy i8 sum-
med to determine K“’v" This summation 1t shown at the bottom of Table G-5 for each
v. The average repair time for each elemental aotivity is then computed using the sub-
-models selected.

§I (for the entire subsystem) is required for this approach. 'fhe computation of

SI is the same as for approach one. The computed value of EI is 1,67,
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Fault Isolation

Disassembly /
Reassembly

Interchange

Ver
Z ‘et Tr
=1
T = —o
¥l Vol
ﬂ
2
v=1 v
Ty = 24298‘?; 4,59 minutes
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The subsystem MTTR is determined hy taking the sum of the average elemental
times.

MTTR = E T,
= Tpr+ Tpp+ Tp +Ty +Tg

= 4,59 +0.63 + 10.08 + 0,10 + 2,02

= 18,3 minutes
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Comparison of the Two Approaches
Although the predicted repair times using the two approaches were very cloee,

approach one 18 more accurate, Approach one also has the advantage that repair
times of lower levels are also available, This nan be very useful in performing
allocations and identifying maintainability problem areas,

The second approach is good when computing a quick estimate of the MTTR, For
example, if 'SI were a specified value, then a quick prediction can be made using the
second approach to see if the specified values are practical,
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BIT
BITE
CCA
DV
FDIT
FD&lI

PCB

ga

ga

ga

LIST OF ACRONYMS AND SYMBOLS

average number of unique acoesses required per fault isolation
quantity of unique accesses in the gt‘h RI set
Built in Teat

Built In Teat Equipment

Circuit Card Assembly

dependent variable

fault detection/lsolation/test

fault detaction and isolation

fault isolation

quantity of RI sets

independent variable

quantity of FI reasults

the replacement order of the nth RI given the )
Lins Replaceable Unit

quantity of elemental tasks required that make up MTTR

maintanance flow diagram

maximum corrective maintenance time for the ¢ percentile

quantity of elemental tasks required to perform corrective
maintenance for the nth RI given the jth F1 result

mean time to repair

quantity of Rls

quantty of Rls in the gth RI set

quantity of Rls in the gth RI set with the ath acceds

quantity of Rls whose fallures produce the jth FI result

printed ciroult board

probability that an RI from assembly '"a" of the gth RI set will be
contained in a FI result

the probability that any RI with the ath type access will be contatned in
the FI group of the gth RI set given that it 18 not in the first x-1 call-
outs of the FI group

the probability that none of the Rls oalled out in a FI group of the gth
RI set have an ath type access (equal to 1 - pga)

th FI result

th
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L4
LIST OF ACRONYMS AND SYMBOLS (Continued)

l=- px g

vorrelation coefficient

replaceahle itam

average repair time of the n"’h RI

repair time of the nth RI given the ’th Fl reault
remove and replace

average quantity of Rls in a FI oallout

uverage quantity of Rls in the FI callouts ovsr all the FI groups of the
gt RI aet

average quantity of Ris replacod to corraot a fault

average time to perform the mth elemental maintenance task
time to perform the mu' elemental task for the n"h RI

time to perform the mth elemental task for the nth RI given the )
result

time required to perform the mt'h olemental task using the v';h method
the quantity of unique types of ways to perform euch m"'h elemental
maintenance activity

failure rate of the z‘h RI st

faflure rate of the RIs associated with the vt
the m"'ll elemental maintanance task

foilure rate of the nth RI

failure rate of the nth RI fault {solated with the |

th gy

h method of performing

th FDET output
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MISSION
of
Rome Asr Development Center

RADC plans and conducts research, exploratory and advenced
tcr.lome progroms in , control, and cosmuniontions
(C7) activitiew, and in the areas of infosrmation soiences
and intelligwnce. The prinvipsl techmiosl miseion aress
are commmications, slectromsgmetic guidance and contreld,
survaillance of ground and sssoepsce obhjects, intelligemce
data collection and hasdling, inforwation system teclnoledy. S

donosphaxic propegation, solid state seiences, microwave
Physice and electronic reliability, msintainadility and
compatibility.
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